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ABSTRACT 


The effects of diazoxide on airway smooth muscle were investigated 
in vitro and in vivo. Using guinea pig tracheal chain preparations, 
diazoxide was shown to reduce the inherent tone of airway smooth muscle 
and to antagonize histamine-induced increases in tone. The actions and 
potency of diazoxide were similar to those of aminophylline. Both 
diazoxide and aminophylline were observed to potentiate the responses 
to isoproterenol (INA) or salbutamol. The actions of diazoxide and 
aminophylline were shown to be unaffected by the presence of propranolol 
in concentrations sufficient to produce B-adrenergic blockade. Diazoxide, 
unlike either aminophylline or INA, was observed to produce a slight 
contraction before inducing relaxation. 

Mime vivo. ene ¢lrecus, ef diazoxidevom thentotel resistance of the 
lung to inflation (Ry) were investigated. In addition, the specific 
effects of diazoxide on lung compliance (C,) and flow resistance (Ry) 
were also determined. When Ry, was measured, diazoxide was shown to be 
an effective bronchodilating agent capable of inhibiting histamine- 
induced increases in Ros However, the bronchodilating effects of 
diazoxide were preceded by an initial increase in Rp,,. The bronchodila- 
tion caused by diazoxide was shown to involve actions in both the large 
and small airways. 

The initial’ increase in Rp; produced by diazoxide was shown to 
i Volve a marked wincréeasey in ky endva slight to moderate decrease in C,. 


The increase in Ry, could be selectively blocked by pretreatment with 


mepyramine, suggesting histamine-like action or histamine release in 
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the large airways. The decrease in C,; was selectively abolished by 
pretreatment with indomethacin or ASA, suggesting a prostaglandin-like 
action or release in the small airways. Neither vagotomy nor pretreatment 
with atropine affected the initial responses to diazoxide. Thus, the 
Piebeasc wien; and thesdecrease mC are Uniavely to involve vagal 
reflex activity or the release of acetylcholine. 

It was concluded that diazoxide effectively relaxes airway smooth 
muscle, but that its relaxant properties are preceded by an initial 


constriction of airway smooth muscle. 
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ABSTRACT 


The effects of hexamethonium, DMPP, nicotine, trimethaphan and 
mecamylamine on the binding of agonists to the muscarinic receptor of 
acetylcholine were investigated. The dissociation constant (Kp) was 
used as an index of binding, and was determined for the agonists, 
acetylcholine, acetyl-8-methylcholine and carbachol. The values of Kp 
were calculated according to methods described by Furchgott (1966) and 
Parker §& Waud (1971), using phenoxybenzamine (POB) as the irreversible 
antagonist. The percentage of receptors blocked by POB and tissue 
sensitivity to an agonist, before and after POB-blockade, were also 
ealculated. 

Hexamethonium was observed to produce a statistically significant 
pHeredse in the K Of carbachol, but did not airect the Kj °s of ‘the 


D 


other agonists. The effect of DMPP on the Ky's Of Agonists coula not 

be calculated by the methods used in these investigations because of an 
cieredise sim ihe japparent Ra. alter POR-plockade when DMPP was present 

in the bath. The other ganglionic agents produced no significant changes 
in ther Kk, of the other agonists tested. 

The effect of hexamethonium on the Ky of carbachol was explained in 
terms of a model in which the receptor can exist in more than one con- 
formation and in which each conformation had different binding affinities 
for an agonist. As hexamethonium did not appear to alter tissue sensi- 
tivity or to change the percent of receptors blocked by POB, it was 


suggested that more receptors were caused to exist in a high affinity 


conformation due to an indirect effect at the receptor site. It was also 
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suggested that the selectivity of this effect might be related to the 
preferred conformations of the agonists, acetylcholine, acetyl-§8-methyl- 


choline and carbachol, in solution. 
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FOREWORD 


This thesis is concerned with studies of pharmacological effects 
on smooth muscle and can be conveniently divided into two parts. The 
effects of diazoxide on airway smooth muscle are presented in Part I. 
Part II is concerned with a study of the binding of drugs to the 
muscarinic receptor for acetylcholine using longitudinal muscle strips 


of guinea pig ileum. 
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This section of this thesis is concerned with the determination of 
the effects of diazoxide on the respiratory system and the identification 
of the sites and mechanisms involved in producing these effects. In 
order to place these investigations into perspective, this introduction 
will briefly review the following topics: 
ib The anatomy and normal physiology of airway smooth muscle, 

including the reflexes affecting smooth muscle tone (A); 

2% The actions of agonists (both constricting and dilating) and 
antagonists on airway smooth muscle (B & C); 

ol. The basic theory of lung mechanics which makes possible the 
independent measurements of flow resistance and dynamic lung 
compliance (D); and 

4. Some of the methods which have proven useful in the study of 


airway smooth muscle and respiratory function (E). 


Ree ANATOMY AND PHYSIOLOGY 


The purpose of the respiratory system is to provide oxygen to the 
body and, at the same time, to remove carbon dioxide. In order to 
achieve these purposes, two separate processes are involved in respira- 
tory function (Guyton, 1971). The first process is pulmonary ventila- 
tion which can be defined as the movement of air into and out of the 
lungs. The second process is diffusion of oxygen and carbon dioxide 
between the alveoli and pulmonary circulation. In this study, only 
effects on pulmonary ventilation were examined and therefore the 


second process will not be considered further. 
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The flow of air into and out of the lungs is essentially determined 
by the actions of the muscles used in breathing, the tone of the smooth 
muscle within the airways, and total pulmonary compliance. Alterations 
of smooth muscle tone in various parts of the airways may produce 
different effects on pulmonary ventilation (Mead &€ Whittenberger, 1953; 
Mead, 1961; Nadel, 1965; Collier, 1968), and these can be used to divide 
the airways into two relatively distinct groups. 

The first group is the large airways including the trachea and 
larger bronchi (see Figure 1). The second group consists of the small 
airways which extend from the terminal or respiratory bronchioles to 
the alveoli. Most of the resistance to air flow occurs in the 
larger airways, whereas the major volume of air is contained in the 
small airways (Brody, DuBois, Nisell & Engelberg, 1956; Nadel, 1965; 
Collier, 1968; Colebatch, 1970). 

As most of the air is contained in the small airways, it is not 
surprising that changes in muscle tone of these airways affect the volume 
of air moved through the respiratory system. As these airways are 
occluded, alveoli may collapse and more force will be required to expand 
the lungs (Mead, 1961). That is, a smaller change in volume per unit of 
pressure change will be effected. Lung compliance (Cr), defined as the 
change in volume per unit of pressure change, can therefore be used as 
an index of small airway constriction. It should be noted that lung 
compliance measured during respiratory cycles is more correctly referred 
to as dynamic lung compliance. However, as static lung compliance was 
not measured in this study only the term 'lung compliance’ will be used 
for the sake of convenience. Constriction of the small airways produces 


a fall in compliance whereas dilation of the airways results in an increase 
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bin) Ch (Mead € Whittenberger, 1953; Mead, 1961; Karczewski & Widdicombe, 
1969b; Colebatch, 1970; Drazen §& Austen, 1974). Also, measurements of 
Crt vivo are atfected py factors such as the compliance or the chest 


wall and therefore reflect total pulmonary compliance. 
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FIGURE 1. The large and small airways. 
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In contrast, changes in the calibre of large airways greatly affect 
the rate of airflow but have little overall effect on the volume of air 
flowing within the system. These changes involve non-elastic or 
resistive forces and are referred to as changes in flow resistance, Ris 
or conductance, ARG (Mead & Whittenberger, 1953; Mead, 1961; Colebatch, 
1970; Drazen & Austen, 1974). 

Actions on airways of intermediate size affect both C, and R,; in 
varying degrees related to their size (Nadel, 1965). 

The airways are supplied with blood from the bronchial circulation 
and the pulmonary circulation according to their size. Thus large 
airways are supplied by the bronchial circulation and small airways by 
the pulmonary circulation. Therefore, injections of drugs into the 


bronchial arteries primarily affect the large airways and R,, whereas 


L 
pulmonary administration tends to localize the initial effects in the 
small airways and alter Cy, (Nadel, 1965; DeKock, Nadel, Zwi, Colebatch 

& Olsen, 1966). Dautrebande (1970) concluded that > 99% of fluid 
injected into the pulmonary artery was directed to the alveoli rather 
than the bronchi. 

The airways are densely innervated by both sympathetic and para- 
sympathetic fibers (Dixon §& Brodie, 1903; Miller, 1937; Widdicombe, 1963). 
In addition to sympathetic nervous activity, sympathetic tone is also 
influenced by circulating catecholamines (Widdicombe, 1963; Simonsson, 
Svedmyr, Skoogh, Andersson & Bergh, 1972). It is well established that 
the predominant sympathetic effect in the airways is bronchodilation 
which is mediated by Bo-adrenergic receptors (Widdicombe, 1963; 


Simonsson et al., 1972; Douglas, Dennis, Ridgway & Bouhuys, 1978). 
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Blockade of these receptors can produce bronchoconstriction, especially 

in asthmatic patients (see review by McDevitt, 1978). 

The existence of a-receptors in airway smooth muscle has been a 
controversial subject. The arguments for their existence have largely 
centered on four types of observations: 
le. After §-blockade, a-agonists have been observed to contract isolated 

airway smooth muscle preparations (Fleisch, Maling & Brodie, 1970; 

Srmonssonset sai. DOT 2s 
a After B-blockade, a-agonists have been observed to produce broncho- 

constriction in vivo in man (Bianco, Griffin, Kamburoff & Prime, 

1974). 

De a-Antagonists have been observed to potentiate the relaxation 
induced by f-agonists in isolated tissues (Nousiainen, Arnala, 
Airaksinen & Kokkola, 1977), and 

4, Clinically, a-antagonists have been observed to potentiate the broncho- 
dilation-induced by ®=agonists .inman (Bianco et al.,:1974; Palmer, 
Gaddre('& Skinner) (1974s ‘Patel € Kerr, 1975). Patel € Kerr (1975) 
also reported that a combination of thymoxamine (a-blocker) and 
salbutamol (89-agonist) was effective in three patients who did 
not respond to salbutamol alone. 

Not all workers have been able to confirm such observations. Foster 
(1966) could detect no contraction of isolated guinea pig tracheal prep- 
arations when noradrenaline was tested during B-blockade. It is possible 
that the weak local anesthetic effects of propranolol could interfere 
with detection of such contractions as they have been reported to be, 


at most, only 10-20% of the maximum that can be achieved with carbachol 


set 
ly 
mek rt 


ph BFOG, as a v7 fe a ate it tcons rth 


hal 


heh uciteneent 3! 
aed me Naty 


ahi Patt 


rene i a tetivbed mntoraia , 
i be 4 i 
inl ‘ m7 ie 


NM ey ay 4 iy : tye ; 


* 2 sn an by ie erik fa Late a " a ii 


ira? avrotine 
‘ | COT ie | ra? Cae! 
sunt so mM nde a aay wey 


poy 


(Simonsson et al., 1972). Guirgis § McNeill (1969) using isolated human 
bronchial tissues and Stone (1973) studying human subjects in vivo also 
failed to detect any a-adrenergic activity. Similar results were 
obtained by Cabezas, Graf & Nadel (1971), when investigating the 
sympathetic and parasympathetic control of the airways in dogs. 

Several alternative explanations for the observations listed above 
have been proposed. It has been suggested that the increases in tone 
after 8-blockade could be the result of unimpeded cholinergic activity 
(Guirgis € McNeill, 1969; Cabezas, Graf § Nadel, 1971; Simonsson etral., 
1972). The ability of a-blocking agents to potentiate the dilation 


induced by 8 agonists may be explained by one or more of the following 


factors: 
es Antihistaminic effects of a-blockers (Guirgis & McNeill, 1969); 
2. Inhibition of catecholamine uptake mechanisms by a-blockers 


(Foster, 1966; Guirgis & McNeill, 1969); 
ce Direct relaxant effects of a-blockers, e.g. phenoxybenzamine 

(Guirgis & McNeill, 1969); 
uy Increased catecholamine release by a-blockers (Guirgis & McNeill, 

1969). 

Interpretation of the data from these investigations is further 
complicated by the possibility of species differences, differences 
between large and small airways in the same species, and also by the 
suggestion that a-receptor development or function might be age-dependent 
(Fleisch, Maling & Brodie, 1970). At present, the data concerning the 
existence of a-receptors remains inconclusive. However, the more recent 
literature does suggest that a-receptors are present in the airways in 


man. 
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Parasympathetic fibers are involved in both bronchoconstriction and 
bronchodilation. Efferent fibers form a complex neural network around 
the trachea and large bronchi, but do not appear to extend to the 
smaller airways (Dixon & Brodie, 1903; Miller, 1937). Stimulation of most 
efferent fibers results in constriction of the large airways (Cabezas, 
Graf & Nadel, 1971). Afferent vagal fibers originate in the alveoli and 
are believed to be indirectly involved with bronchodilation (Miller, 1937; 
Nadel, 1965; Karczewski & Widdicombe, 1969a). Generally, however, vagal 
constrictor pathways exert the predominant influence on the airways 
UNatiet.” 1965: Cabezas, Graft’ G Nadel 1971 )- 

Drugs and other agents can affect airway smooth muscle directly, 
reflexly, or through a combination of direct and reflex actions. Direct 


actions will be’ reviewed first. 


oe DRUGS ACTING DIRECTLY 


Endogenous or exogenous acetylcholine is known to produce marked 
constriction of airway smooth muscle (McDougal §& West, 1953; Widdicombe, 
1963; Karczewski & Widdicombe, 1969a,b; Colebatch, 1970; Collier & James, 
fv/OsrDouglas et al. , 1973). The cholinergic agonists, carbachol, 
pilocarpine, and acetyl-8B-methylcholine also constrict airway smooth 
muscle (Dixon § Brodie, 1903; Widdicombe, 1963; Bouhuys, 1977). Acetyl- 
choline has been shown to produce constriction after bilateral vagotomy 
although constriction is usually more pronounced in the intact animal. 
Therefore, at least part of its activity in vivo is direct (Dixon € 


Brodie, 1903; Karczewski & Widdicombe, 1969b). 
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In vitro, histamine has been reported to constrict airway smooth 
muscle in the guinea pig, dog, man, and sometimes rat (Hawkins & Schild, 
1951; McDougal & West, 1953; Somlyo & Somlyo, 1970). Tracheal prepara- 
tions from cats or rabbits have been reported either not to respond to 
histamine (Akcasu, 1952, 1959; McDougal & West, 1953; Maengwyn-Davies, 
19665 Pleisca, Maling € Brodie, 1970; Somlyo € Somlyo, 1970) or to relax 
(Akcasu, 1952, 1959; Maengwyn-Davies, 1968; Somlyo & Somlyo, 1970; Eyre, 
1973; Turker & Ercan, 1976; Chand € Eyre, 1977). Sometimes rabbit 
trachea has been observed to contract in response to histamine (Somlyo 
& Somlyo, 1970). Rabbit bronchial tissue contracts in response to 
histamine (Somlyo & Somlyo, 1970; Chand & Eyre, 1977) but, bronchial 
tissue from cats or sheep is either unresponsive or relaxes (Eyre, 1969; 
Persson & Ekman, 1976; Chand & Eyre, 977): In addition; bronchial 
tissue from the calf, goat, horse and pig have been reported to contract 
in response to histamine (Eyre, 1973). These differences, which may 
partly be explained by anatomical differences among the various species 
(Akcasu, 1952, 1959; Widdicombe, 1963), are summarized in Table I. 

Some of these differences reflect the variation in the nature of 
the histamine receptors which have been found in the airways of various 
species. In general, the contractile and relaxant effects of histamine 
on airway smooth muscle are thought to involve two distinct histamine 
receptor sub-types (e.g., Chand € Eyre, 1975). Stimulation of histamine 
H,-receptors produces contractile effects which can be blocked by the 
'classical' antihistaminic drugs such as mepyramine (Ash & Schild, 1966; 
Chand € Eyre, 1975). In contrast; stimulation of histamine H»-receptors 


is thought to result in relaxation of airway smooth muscle and is 
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blocked by Hy-antagonists such as burimamide (Black, Duncan, Durant, 
pene iain) G2 Parsons.)|.19723u¢ ChandséeEyre, 1975; :Chanda.€-Byre,. 1977; 

Okpako, Chand & Eyre, 1978). There is some evidence to suggest that 
stimulation of both H; and Hy receptors is involved with relaxation 

of airway smooth muscle in the cat (Eyre, 1973). 

Stimulation of the histamine H,-receptors has been correlated with 
an increase in intracellular levels of cyclic adenosine monophosphate 
(cAMP) (Lichtenstein € Gillespie, 1973; Mathe, Volicer & Puri, 1974; 
Mathe, Sohn & Volicer, 1978; Okpako, Chand & Eyre, 1978; Chand & Eyre, 
1978). These increases do not appear to involve any effects on phospho- 
diesterase activity (Mathé, Sohn & Volicer, 1978), and it has been 
suggested that histamine H,-receptor activity plays a role in modulating 
bronchoconstriction induced by stimulation of histamine H,-receptors 


(Okpako, Chand §& Eyre, 1978). 


In addition to species differences, there is also a wide inter- 
animal variation in sensitivity to histamine (Dale § Laidlaw, 1910; 
Douglas © Beouhuys, 1969; Douglas et al., 1973)..,Large, differences, in 
sensitivity have also been noted among human subjects (Bouhuys, 
Jonsson, Lichtneckert, Lindell, Lundgren, Lundin §& Ringquist, 1960; 
POWs oveeiasl vl 2; spounys, 19/7). » ihe variation im sensitivity 


can largely be attributed to the influences of these factors: 


oe Reflex mechanisms which will be discussed later; 
oe Effects of anesthetics; 

23 Initial tone of the airways; 

Ly. Effects of disease states, and 


ae Dose and route of administration. 
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The direct uettectssof histamine in vivo, have been reported to 
produce decreases in C,, due to constriction of small airways (Collier, 
Holgate, Schachter § Shorley, 1960; Karczewski & Widdicombe, 1969a,b; 
Colebatch, 1970; Mills & Widdicombe, 1970) to approximately the 400 u 
size (Nadel et ala, 1967). However, others have reported direct effects 
on large and small airways (Drazen & Austen, 1974). The differences 
between these observations may be explained by the techniques used. 
Drazen § Austen (1974) used unanesthetized guinea pigs in which measure- 
ments, particularly of Cr» can be distorted by changes secondary to 
alterations in the pattern of breathing (Mead, 1961; Mills § Widdicombe, 
1970). The others used animals anesthetized with urethane, chloralose 
or pentobarbital. Histamine responses are known to be affected by the 
anesthetic used (Douglas § Bouhuys, 1969; Dennis & Douglas, 1970; 
Douglas 6tval., 1972, 19073, Jackson § Richards, 1977). Urethane and 
pentobarbital protected the lungs from the effects of histamine and 
atropine or hexamethonium provided less protection against histamine 
responses after urethane (Douglas § Bouhuys, 1969). Also Jackson & 
Richards (1977) reported that a vagal component in the histamine response 
could be detected when chloralose was used as the anesthetic but not 
when pentobarbital was used. 

It has been suggested that the balance between parasympathomimetic 
(constricting) and f-adrenergic (dilating) impulses determines the 
normal tone of airway smooth muscle and hence its sensitivity to 
histamine (Wirddicombe, 1963: Douglas ccial.,, 1973). the influence of 
autonomic drugs on the response to histamine can therefore be explained 


in terms of how they shift the initial balance. In general, those 
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drugs which tend to promote B-adrenergic tone lessen the response to 
histamine, while those drugs which promote parasympathomimetic tone 
potentiate responses to histamine (Bouhuys, 1977). 8-Adrenergic 
blocking agents potentiate histamine-induced constrictions (Collier 
G@ujemes tol, @MeCubloch, sProctor ¢€ Rand, 1967; Bouhuys, Dennis, € 
Douglas, 1969), particularly in animals with initial low sensitivity 

to histamine and therefore may apparently decrease interanimal variation 
(Collier € James, 1967; Bouhuys, Dennis & Douglas, 1969; Douglas & 
Bouhuys 1969; Douglas et al., 1973; Burden, |Parkes € Gardiner, MO. 

Parasympathomimetic drugs such as eserine also potentiate the 
effects of histamine on the airways (Dixon & Brodie, 1903; Hawkins §& Schild, 
1951; Bouhuys, 1977). Atropine or other parasympathomimetic blocking 
agents decrease the response to histamine. This effect will be discussed 
in more detail when reflex constriction is considered. 

Exaggerated responses to histamine may occur in patients with 
conditions such as asthma (e.g. Bouhuys'; 1.960% ‘Colebarch,4970; Douglas 
et al., 1973; Popa, Douglas & Bouhuys, 1973; Bouhuys, 1977). Damaged 
epithelial tissue (Nadel, 1977), increased autonomic reflexes (Widdicombe, 
ivGa;mDougies et al., 1973; Orehek, Gayrard, Smith, Grimaud € Charpin, 
1977), decreased cAMP response to histamine (Mathe, Sohn §& Volicer, 1978) 
and possible pre-existent obstruction or differences in muscle thickness 
(Orehek et al.) have all been suggested as possible factors determining 
the increased responsiveness of these individuals. 

To some extent, the histamine response also varies according to 
the dose and route of administration. Injection of small doses into the 


bronchial circulation tends to cause a localized response in the large 
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airways, whereas injection into the pulmonary circulation produces the 
expected effects on the smaller airways adel, 19605; Dekock ret al... 
1966). Inhalation of histamine droplets <5u affected both Cy, and Ry 
but particularly Cr, (Nadel eC ales 9675 Bouhuys, Dennis:< Douglas; 
1969; Douglas §& Bouhuys, 1969). 

Another agonist which produces a direct bronchoconstriction is 
5-hydroxytryptamine (5-HT). Constriction of the large airways which 
was unaffected by atropine or vagotomy was noted after 5-HT was injected 
into the bronchial arteries of cats (Nadel, 1965). Using different 
routes of administration, other workers have concluded that 5-HT also 
causes some constriction of smaller airways (Holgate & Warner, 1960; 
James, 1969). 

Thus the parasympathomimetics, histamine and 5-HT have all been 
shown to produce a direct constriction of airway smooth muscle. The 
response to histamine has been shown to be subject to marked species 
differences, and to vary according to the initial state of the airways 
and the route of administration. Reflex constriction is also an 
important determinant of airway smooth muscle tone and will be con- 


sidered next. 


C. BRONCHOCONSTRICTION INVOLVING REFLEXES 


Airway smooth muscle tone is affected by several reflexes (see 
Figure 2). Stimulation of irritant or ‘cough’ receptors, located in 
the trachea and large bronchi (Miller, 1937; Nadel, 1965) results in 
reflex constriction; both the afferent and efferent pathways of this 


reflex involve vagal fibers (Nadel, 1965; Mills, Sellick & Widdicombe, 


; 


ok 
hile w 
a at 


iit he 
norte 
‘nae: r 
ae nites 


7 an 


ie ie “en 


yt fy 


: A ' i 
ih) 


if 


16 


CNS 
Ve eco) 


4——- Glossopharyngeal N. 
VaguseN =) 
<; Carotid Body (10>) 


A 
v @————" Carotidvsinus, (1) BaP.) 
BOG ie Bronchial circulation 
ook 
Ipritant 
receptors ee rutonary eireulat ion 
x 


FIGURE 2. Airway reflexes 
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1969). Hering-Breuer or pulmonary stretch receptors are located 
throughout the respiratory tract and are involved in two reflexes 
(Guyton, 1971). When the lungs are stretched, the Hering-Breuer 
receptors cause a depression of the respiratory center and inhibit 
inspiration (Berger, Mitchell & Severinghaus, 1977). When the lung 
tissue is no longer stretched, the receptors become inactive and lung 
inflation or dilation occurs. The afferent pathways of these reflexes 
are vagal (Nadel, 1965; Guyton, 1971). 

Reflex constriction occurs in response to stimulation of chemo- 
receptors in the carotid body by decreased pO,. Also, stimulation of 
baroreceptors in the carotid sinus by reductions in blood pressure may 
produce a slight reflex constriction. The afferent pathways of both 
these reflexes are mediated by the glossopharyngeal nerves (Nadel & 
Wididieembe, 19627 Nadel 1luGo7 Nadel “etlal’. 71967 ) > Rypercapnia has 
been reported to affect central chemoreceptors and produce reflex 
constriction of the airways mediated by the vagus nerves (Nadel & 
Nudd@teombe, 1962;"Nadel 1965; Nadel Sttalt; 1967)" 

Reflex constriction induced by hypercapnia may be modified by 
direct effects. Greene & Widdicombe (1966) reported a direct constrict- 
ii ewecuren Os COp. Nit Colerast, 4a dipecterelaxant eftece of C05) las 
sometimes been observed and may be related to its effects on pH 
(e.g. Duckles, Rayner & Nadel, 1974). 

Histamine has also been reported to produce reflex constriction of 
the airways (Nadel, 1965; Nadel Stead as lo) CObbrer ym oo 5 James P19 5 
MpEteromWiddieonne, 1970, "/Douglas@et rable, 973). “The reflex action of 


histamine is mediated by the vagus nerve and contributes to the increase 
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in Re observed after histamine administration (Nadel, 1965; DeKock ebsele, 
1966;.Nadel,et al., 1967; Karezewski & Widdicombe,:1969a,b; Mills: € 
Widdicombe, 1970). Therefore, vagotomy, pretreatment with atropine, 
or pretreatment with hexamethonium have been suggested as possible 
methods of decreasing the variation of the response to histamine 
(Douglas & Bouhuys, 1969; Douglas et al., 1973). 

Reflex constriction mediated by efferent vagal fibers has four 


major characteristics: 


i It can be blocked by vagotomy or atropine; 
ie It is associated with increased vagal activity to the bronchi; 
ei fuecauses) large; increases inek, ywithylittle: orsnol effect on Ch 


thus producing a prolonged emptying time, and 
4, It causes a decrease in tracheal volume (Nadel, 1965; Nadel et al., 
iL 963/12) 
These changes can be explained by assuming constriction of the large 
airways which are known to be densely innervated by vagal efferent fibers 
(Dixon §& Brodie, 1903; Miller, 1937; Widdicombe, 1963; Nadel, 1965). 
In contrast, directly acting agents injected into the pulmonary 


vasculature cause a bronchoconstriction which is characterized by the 


following: 

ie A decrease in C; as large or larger than the increase in R,3 
2 An increase in tracheal volume, and 

Si: A decreased or unchanged emptying time (Nadel, 1965). 


It should also be noted that pretreatment with non-steroidal anti- 
inflammatory drugs (NSAID) has been observed to modify responses to 


parasympathomimetics, histamine and 5-HT. Frey (1977) reported an 
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increase in sensitivity to 5-HT in cats pretreated with ASA. Orehek, 
Douglas, Lewis & Bouhuys (1973) reported a decrease in response to small 
doses of iene acetylcholine after tissues were pretreated with 
either ASA or indomethacin, whereas responses to larger doses of both 
drugs were increased. Similar results were noted when 5-HT, Ba’ or K" 
were used as agonists (Bouhuys, 1977). These results may be partially 
explained by increased release of histamine or increased formation and 
release of thromboxanes, particularly thromboxane By, in animals treated 
with NSAID (Engineer, Niederhauser, Piper & Sirois, 1978). 

Alternatively, Orehek, Douglas, Lewis § Bouhuys (1973) suggested 
that these results may be explained by assuming that the sensitivity of 
the airways to various prostaglandins depends on the tone of the smooth 
muscle. They proposed that constricted muscles were more sensitive to 
the relaxant actions of the prostaglandins of the E-type than to the 
Sete rioting ection Of prostaglandin Fs,. and that che reverse was true 
for dilated or relaxed airway smooth muscle. Both types of prostaglan- 
dins are released during the constriction of airway smooth muscle 
(Grehel et al. , 1072; Bouhuys, 1977). 

The agonists reviewed thus far (parasympathomimetics, histamine 
and 5-HT) all produce constriction of airway smooth muscle by direct, 
reflex, or a combination of direct and reflex, actions. In contrast, 
agonists which stimulate the Bo-adrenergic receptors in airway smooth 


muscle produce marked bronchodilation. These agonists will be discussed 


in the next section. 
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De BRONCHODILATION 


One possible mechanism of inducing smooth muscle relaxation involves 
the raising of cyclic (cAMP) levels within the cell (Lundholm, Mohme-Lundholm 
& Svedmyr, 1966; Robison, Butcher & Sutherland, 1967; Kukovetz & Poch, 
1970; Bar, 1974; Poch & Umfahrer, 1976). This may be accomplished by 
activating the enzyme adenyl cyclase (AC) which is involved in the 
synthesis of cAMP or by inhibiting the enzyme phosphodiesterase (PDE) 
which breaks down cAMP (Robison, Butcher & Sutherland, 1967; Sutherland, 
Robison § Butcher, 1968). The beta-adrenergic agonists and methylxan- 
thine derivatives are thought to induce bronchodilation by stimulating 
AC and inhibiting PDE, respectively (Butcher § Sutherland, 1962; 
Robison, Butcher §& Sutherland, 1967; Sutherland, Robison & Butcher, 
1968; Farmer & Farmer, 1976; Kreutner & Sherwood, 1977). 

Isoproterenol (INA), a beta-adrenergic agonist, is a potent 
bronchorelaxant (Hawkins & Schild, 1951; McDougal § West, 1953; Collier 
Cua, 2960; Robison, burcher & Suthenland> 1967, Bouhuys, 1970). 
Muscle relaxation induced by INA has been correlated with increases in 
cAMP (Lundholm, Mohme-Lundholm §& Svedmyr, 1966; Sutherland, Robison & 
Butcher, 1968). The bronchodilator effects of aminophylline or theo- 
phylline (Castillo € de Beer, 1947; Hawkins & Schild, 1951; Butcher & 
Sutherland, 1962) have also been correlated with changes in cAMP levels 
(Sutherland, Robison § Butcher, 1968; Kukovetz & Poch, 1970; Kreutner & 
Sherwood, 1977). While INA is equally effective in relaxing tone 
induced by either acetylcholine or histamine (McDougal & West, 1953), 
aminophylline has a more selective effect, being more active against 


histamine-induced tone (McDougal § West, 1953). It is possible that 
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other phosphodiesterase inhibitors may show different actions and 
selectivities, as PDE exists in several molecular forms and the isozymes 
might respond differently to individual inhibitors (Weiss § Hait, 1977). 
As the §-sympathomimetics and the methylxanthines have separate 
and distinct mechanisms of action, additive or synergistic actions 
should be possible (Lichtenstein & Margolis, 1968; Poch § Umfahrer, 
1976; DeTarnowsky & Green, 1977; Kreutner & Sherwood, 1977; Dyson & 
Campbell, 1978; Marlin, Hartnet, Berend §& Hackett, 1978). DeTarnowsky 
& Green (1977) could detect no potentiation of INA-induced increases in 
cAMP by theophylline in embryonic or newborn chick liver, but Lichtenstein 
& Margolis (1968) reported synergistic effects with INA and theophylline 
when measuring histamine release from leucocytes in vitro. Poch & 
Umfahrer (1976) have reported an enhancement of orciprenaline-induced 
relaxations of Kt-induced contractions of guinea pig colon by amino- 
phylline, papaverine, caffeine and other PDE inhibitors. Also, when 
interaction between theophylline and the B9-adrenergic agonists, 
rimiterol and salmefamol, was examined in vivo (Dyson & Campbell, 1978; 
Maplin et als, 1978), additive, but not synergistic, therapeutic effects 
were reported when theophylline was combined with rimiterol (Dyson & 
Campbell, 1978). When theophylline was combined with salmefamol, 
synergy was observed in producing tremor in patients' hands, but only 
additive therapeutic effects were observed (Marlin et al., 1978). It 
therefore appears that additive effects are more likely than synergistic 


effects when the drugs are used in therapeutic concentrations. 
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Ex METHODOLOGY REVIEW 


The actions of drugs on the respiratory system have been evaluated 
Msing a variety of preparations, in: Vitro and in vivo (e.g. Bouhuys, 
1970). The guinea pig has been the species most often used for evaluat- 
ing the actions of agents on airway smooth muscle (Mills § Widdicombe, 
1970). Castillo & de Beer (1947) reported the use of tracheal chain or 
bronchial preparations for the evaluation of the activity of broncho- 
dilators. McDougal & West (1953) compared the responses of human 
bronchial preparations with the responses of tracheal ring preparations 
from several species using histamine, acetylcholine and various broncho- 
dilators. They concluded that the relative potencies of bronchodilators 
were Similar in human and guinea pig preparations. Their work confirmed 
that done by Hawkins & Schild (1951). In addition to reacting in a manner 
similar to human tissue, the guinea pig tracheal preparation has the 
advantage of developing inherent tone, thus relaxants can be examined 
without inducing tone with an agonist such as histamine (Castillo §& 
de Beer, 1947). 

The effects of substances on pulmonary ventilation have been deter- 
mained in vivo with techniques that measure either total lung resistance 
HOM iilationw or Lhe individual changes am Cy and Rp. Methods used to 
measure changes in total lung resistance are based on the technique 
described by Konzett § Rossler (1940). This type of method is referred 
to as an air overflow technique and will be described in more detail in 
Chapter 2 under methods. Air overflow experiments provide no information 


about the mechanisms underlying the changes in total resistance although, 
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in general terms, these changes are thought to primarily reflect 
constriction of small airways (Holgate & Warner, 1960; Collier & 
James, 1967; Collier, 1968). Another disadvantage of air overflow 
experiments is that tone must be induced before bronchodilating 
activity can be detected (James, 1968). In contrast, the methods 


developed to measure changes in R, and Cr, can detect bronchodilation 


L 


without initial constriction: 


To determine the values of Ch. and R,, three parameters must be 


measured: 

ie The rate of volume change or air flow rate GN, 

zs The total volume of air that has flowed in the airways (V), and 
J The changes in lung pressure associated with changes in V and Vv. 


The V is easily measured by directing the airflow through a 
calibrated pneumotachograph connected to a suitable pressure transducer. 
Integration of the signal from the pneumotachograph provides the means 
for measuring V as fiV/dt = V. Proper heating of the pneumotachograph is 
required to minimize errors in volume measurements resulting from air 
at room temperature and humidity being warmed and humidified within the 
respiratory tract. Alternatively, volume can be determined by plethysmo- 
graphy. The subject is confined in a gas-tight chamber or plethysmograph 
and changes in volume are measured as changes in gas volume or pressure 
within the chamber (Nunn, 1977). 

Pressure changes associated with lung distention, or transpulmonary 
pressure (Pop) > have been the most difficult of the parameters to 
measure (Mead, 1961). Basically, four approaches have been used to 


measure changes in Pop: 
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Ly Interrupter valves, 

gas Intrapleural catheterization, 

3. eee eho measurements, and 
4, Intratracheal measurements. 


The first technique consists of having the patient make vital 
capacity expirations through a valve system using either single or 
multiple interruptions. After a sudden interruption of flow, the 
pressure at the valve has been shown to correspond with the Ppp 
immediately before interruption (Shephard, 1959). This method requires 
patient cooperation and the results are affected by changes in muscular 
power. Also, the method is not practical for animal experiments. 

The second method involves placing a cannula into the pleural 
space and connecting its free end to a differential pressure transducer 
which is also connected to the airway opening. Usually, a small degree 
of pneumothorax is introduced to prevent clogging of the cannula (Mead, 
a9 64:)!. 

In the third method, intraesophageal pressure is measured. Changes 
in Ppp are similar to changes in pressure within the esophagus (Mead & 
Whittenberger, 1953; Mead, 1961). Although the absolute level of intra- 
esophageal pressure may be slightly higher than pleural pressure, changes 
at both sites were equal if the esophagus was relaxed, unless high rates 
of respiration were used (Fry, Stead, Ebert, Lubin § Wells, 1952; Mead & 
Whittenberger, 1953; Mead § Gaensler, 1959). Posture also affects 
esophageal pressures; when in the supine position the overlying muscu- 
lature can compress the esophagus and reduce accuracy (Mead § Gaensler, 


19595 Mead,- 1961: Nunn, 1977). 
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The fourth method involves the determination of pressure within 
the trachea. For subjects in a supine posture, measurement of intra- 
tracheal pressure provides a better estimation of Prp than does intra- 
esophageal pressure. This value is obtained by connecting a pressure 
transducer to a sidearm of a tracheal cannula and is closely related 
to pressure within the lungs when positive pressure ventilation is used 


(Greene & Widdicombe, 1966; James, 1969). 


Pulmonary ventilation can be described in terms of V; Veseanduslk P< 
and the relationship between these parameters is defined by the 


following equation: 
Messe, + fv REE) Ge) 


where APL is the total pressure change between the airway opening and 


pleural surface, that is, transpleural pressure (P f(V) defines a 


TP) 
function of the volume and therefore involves the component of the 
pressure change associated with changes in compliance or Pay,3 £(V) 
defines a function of the rate of change of V and involves pressure 
changes associated with changes in flow resistance or conductance, 


P and £(V) defines, 4a. function melated to imertial .forces of ithe 


RL? 
air and tissues (Mead, 1961). The inertial forces are slight, less 
than 5% of the total pressure change during heavy breathing, and can 
be ignored (Mead € Whittenberger, 1953; Brody, DuBois, Nisell & 
Engelberg, 1956; Mead, 1961; Dennis, Douglas, Casby, Stolwijk & 


Bouhuys, 1969; Derks & Lisart, 1977). Therefore, equation 1 can be 


rewritten as: 
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Cee ee Fe eae u) 

At points of zero airflow, resistance forces are assumed to be 
zero and only elastic forces are present (Mead §& Whittenberger, 1953; 
Mead, 29Gb. Ueinis: ot vdl.), 1009) ancy tite tequatlonel reduces "to 
ee oe at these times." Points0r zero airfiow occur at the 
beginning and end of each respiration cycle, that is, at the end of 
inspiration and again at the end of expiration, making these times 
convenient for the measurement of lung compliance. At the end of 


inspiration, the pressure can be defined as: 


P = Do. = Po + KAV G3:) 


where Py is the pressure at the beginning of inspiration, Pos is the 
pressure at the end of inspiration, AV is the amount of air inspired, 
and K is a term dependent on lung elasticity; K is further defined as 


. returns. to. the 


6 At the end of expiration, the pressure, P 


rag Le 


value of Poe The change in pressure is obtained by subtracting: 


Solving equation 4 for Cy results in 


ss = AV/AP (5) 
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Thus, if values for changes in volume and pressure are measured and 


can be calculated as the slope of 


plotted on a graph of AV vs AP, Cr. 


the line (Figure 3a). In practice, non-linearity can arise from several 
factors (Mead, 1961). At very high lung volumes, smaller changes in 
volume per unit of pressure occur. Also, if the pressure is increased 
for several respiratory cycles, lung elastance is reduced and compliance 


is increased. In anesthetized animals, C. tends to fall with time but 


L 
this can be reversed by near maximum inflations (Mead, 1961). 


To determine R,, equation 2 is solved for R 


if eh 


AP = AP ies. = ¥£(V) (6) 


As resistance changes are a function of flow, and the variables V and 
Ph are measured, it is convenient to examine the function by plotting 


V vs AP. . A plot of this type for a complete respiratory cycle has 
the form of a closed loop (Figure 3b). There are two points in the 
loop corresponding to the end of inspiration and the end of expiration 
at which V = 0. Between these points, as there is no airflow, the 
pressure change reflects the component of total pressure change due to 
elastic forces or compliance changes. This component is eliminated 
from the overall function by subtracting APar from the function. When 
thes rs done, the plot becomes linear and the slope of the line is 
defined as conductance, the inverse of R,. Rp is therefore the 
reciprocal of the slope of AP, / AV. 

For a more detailed treatment of these methods, see Mead & 
Whittenberger (1953) or Mead (1961). The rationale for investigating 


the actions of diazoxide on airway smooth muscle is provided in the 


next section. 


‘Bad ve sha A ith wn tt 6 ‘eaotoa oy he. 
iene th iy 1 ae aye ‘ ecg : WA '¢ cams bi 


| a a2 Ne, erage ‘pis via 4 


1 


cf 


| ods em psa one hls erent hee a8 


ae 


banat te ri apa 9 ont mei oe heat 
it “ smeate snot nde vied ait ark 


N@a, ‘an 5 nt. aay Hi? bie 4 


i 


FIGURE 3. Respiration Loops 
a) Volume-pressure loops used to determine lung compliance. 
X's mark peak of loop obtained with each volume. 


b) Flow-pressure loop before (closed loop) and after (curvilinear 
plot) subtraction of the compliance component of pressure. 
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Diazoxide is a benzothiadiazine derivative (Figure 4) used intra- 
venously in the treatment of hypertensive crises (Rubin, Roth, Taylor 
& Rosenkilde, 1362; Rubin, Taylor) € Roth, 1968; Drugs, Tony sosualiv., 
one rapid intravenous injection of 300 mg (20 ml) produces an immediate 
marked reduction in blood pressure which lasts several hours. Transient 
hyperglycemia often accompanies single doses and, after repeated dosing, 
may become persistent (Loubatitres, Momiand oy AlcCic. =e. Drugs, 1971). 
When given orally, diazoxide produced a decreased hypotensive effect 
but an increased and prolonged hyperglycemia (Rubin, Taylor & Roth, 
1968). For these reasons, diazoxide has also been used to treat hypo- 
glycemic disorders (Weyer, 1968). 

Although diazoxide was shown to release noradrenaline from extra- 
adrenal tissues, the hypotensive action was .not affected by prior 
administration of propranolol (Loubatiéres, Mariani & Alric, 1968; 
Drugs, 1971). Pretreatment with drugs such as atropine, hexamethonium 
and phenoxybenzamine also failed to affect the hypotensive response 
(Sabine ct ale, 1962)7 | lt has tnererore been suggested that diazoxide 
produces its hypotensive effects by a direct relaxation of vascular 
smooth muscle, particularly in the arterioles (Rubin, 1963; McNeill, 
Barnes, Davis & Hook, 1969). In contrast, release of catecholamines 
was involved in the hyperglycemic response to diazoxide (Loubatiéres, 
Mariani & Alric, 1968; Tabachnick § Gulbenkian, 1968; Symchowicz & 
Korduba, 1968; Senft, 1968; Porte, 1968; Marks § Samols, 1968). The 
ability of diazoxide to decrease insulin secretion and to inhibit PDE 


also contribute to the hyperglycemic response (Loubatiéres, Mariani & 
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‘Tere Joe Druss., 197; Tabachonick S Gulbenkian, 1968; Sentt,. 1968; 
Fajans, Floyd, Thiffault, Kept, Harnisonure. Conn, 1966 Porte. 1965: 
Seltzer & Crout, 1968; Bleicher, Chowdhury, Podolsky, Fleischman & 
Goldner, 1968). Using enzyme preparations in vitro, Moore (1968) 
concluded that diazoxide possessed 0.28 the potency of theophylline 
aofaneinntp tom OfePDE. 

The ability of diazoxide to inhibit PDE and release catecholamines 
suggests that it might have some bronchodilating activity. A review 
of the literature revealed that some patients commented on "easier 
breathing" after receiving diazoxide (Just & Stein, 1969). This study 
was therefore undertaken to determine if diazoxide had any actions on 
respiratory smooth muscle and, if so, to try and determine the 


mechanisms involved in those actions. 
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The methods used for these investigations have been divided into 
three groups which will be discussed separately. The three categories 


which will be discussed are the following: 


i. In vitro procedures, 
ors Air overflow measurements, and 
os Determinations of Rp and Cr. 


A list of the chemicals, drugs and, solutions used in this study 


is provided in Appendix I. 


Fai ISOLATED TISSUE PREPARATIONS 


EXpemiments im vitro were wsed fin prekiminany studies, to determine 
if diazoxide (D) produced changes in the tone of airway smooth muscle. 
The effects of aminophylline (A) and isoproterenol (INA) were also 
determined and compared with those of diazoxide. A and INA were chosen 
because they are used clinically as bronchodilators and because they 
are thought to relax smooth muscle by increasing the levels of cAMP 
(see Introduction, p. 19). 

The preparation chosen for the majority of these experiments was 
the guinea pig tracheal chain (Castillo & de Beer, 1947; Akcasu, 1952; 
Edinburgh Staff, 1968). Human bronchial and tracheal preparations were 
also tested. Unfortunately, tissues for such experiments could not be 


obtained routinely and only a very few experiments could be done. 
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oe GUINEA PIG TRACHEAL CHAIN PREPARATION 


A carbon dioxide atmosphere was prepared by placing dry ice in the 
bottom of a dessicator. Random bred, male guinea pigs weighing 450 - 
1000 g were stunned by placing themin the dessicator. Once stunned, 
the radial artery was severed and the animal bled to death. The 
trachea was dissected, cleared of any adhering tissue and cut trans- 
versely between segments of cartilage to yield four or five multi-ringed 
pieces (see Figure 5). Four pieces were stitched together such that the 
sections of smooth muscle were on alternating sides. To complete the 
chain, each piece was cut through the cartilage at a point opposite 
from the smooth muscle. 

Two chains, each from a separate animal, were tied to a glass 
tissue holder and mounted in a 10 ml tissue bath containing Krebs 
solution heated to 37°C and gassed with 95% 0) / 5% C09. The free ends 
of the tissues were attached to Grass Model FTO3C Force Displacement 
Transducers connected to a Grass Model 7D Polygraph. The tissues were 
placed under an initial tension of 300 mg and allowed to equilibrate 
for one hour. During that time, inherent tone developed and the tension 
developed by the muscle increased. 

After the tissues had equilibrated, drugs were injected into the 
bath according to a scheme shown in Figure 6. All drugs except diazoxide 
were added to the bath in volumes < 0.5 ml. Because of its low solubility 
in Krebs solution (see Appendix 1) it was sometimes necessary to inject 
a volume of 2 ml of a solution containing diazoxide. In these cases, 


an equal amount of Krebs solution was removed from the bath before the 
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FIGURE 5. Preparation of tracheal chains 


a) The trachea was cleared of any adhering tissue. 
b) The trachea was cut into four or five multi-ringed pieces. 


c) Four pieces were stitched together to form chain. 
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FIGURE 6. Schedules used for Tracheal Chain Experiments 
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diazoxide was added. The tissues were washed by overflow with 25-30 ml 
of heated Krebs solution pumped from the bottom of the bath. 

A single dose of histamine was repeated according to Scheme A, 
Figure 6, until tissue responses were uniform and then a dose-response 
curve to histamine was obtained. A second dose-response curve to 
histamine was obtained in the presence of one or more relaxant drugs 
according to Scheme B, Figure 6. 

The maximum response of the tissue was determined using 11.8 ug 
of acetyl-B-methylcholine or acetylcholine injected into the bath 
according to Scheme A, Figure 6. Combinations of relaxants were 
tested after responses to the respective drugs in the combination had 
been tested separately. When the influence of propranolol on relaxant 
activity was tested, propranolol was added to the Krebs solution and 


was present continuously. 


ae HUMAN TISSUES 


Human tissues were obtained during surgery and placed in chilled, 
oxygenated Krebs solution. Strips of smooth muscle were cleared and 
mounted in a tissue bath in a manner similar to the guinea pig tracheal 
chains. The tissues were tested in a manner similar to the tracheal 
preparations except that cumulative dose-response curves were obtained. 
In addition, the tissues were allowed to rest longer in between cycles 


as they were much slower to recover. 
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De MEASUREMENTS OF AIR OVERFLOW 


As diazoxide appeared to be an effective bronchodilator ay Ler 
(see Results) its activity in vivo was evaluated using an air overflow 
technique. A and INA were again chosen as model bronchodilators for 
these experiments. 

Random bred, male guinea pigs weighing between 250-700 gm were 
anesthetized with urethane, 1.5 mg/kg, given intraperitoneally. Some 
animals were also given an additional injection of 2.5-5 mg of 
sodium pentobarbital. The trachea was cannulated and connected to a 
Harvard Small Animal Respiration Pump (see Figure 7). The lungs were 
inflated with the pump set at 25 RPM and 10 ml stroke. A constant inspiratory 
pressure was maintained by connecting the inspiratory side of the pump 
to a 10 cm column of water. Air not entering the lungs escaped through 
the water column and the flow was measured by a Fleisch pneumotacho- 
graph No. 0.707 connected to a Grass Volumetric Pressure Transducer 
Model P75 A. As the lungs became more difficult to inflate, the amount 
of air escaping through the water column increased. Increases in the 
overflow were recorded with a Hewlett-Packard 7754A recorder with 
Model 8805 carrier amplifiers. Since the responses were too small for 
convenient measurements using this system, they were further amplified 
using a Hewlett-Packard Model 680 M Strip Chart Recorder connected to 
the output of the 8805 carrier amplifier. 

The jugular vein was cannulated and all drugs used in the experi- 
ments were administered through the cannula in volumes < 0.5 ml. After 
injection, the cannula was flushed with an additional 0.2 ml of normal 


saline. Sodium pentobarbital, 2.5 mg, was injected at the start of each 
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FIGURE 7. Air overflow Apparatus. 
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experiment to eliminate spontaneous breathing. After bronchoconstricting 
drugs were administered, recovery was sometimes aided by occluding 
the overflow tube (to increase V) as suggested by Collier et al. (1960). 

The effects of histamine, diazoxide, aminophylline and INA were 
examined in each animal. Three doses of each dilator were tested and 
the influence of the order of administration was also examined. 

In some experiments, the carotid artery was cannulated and the 
blood pressure was monitored using a Statham pressure transducer Model 
P23Dd connected to the Hewlett-Packard recorder. 

One disadvantage of this type of experiment is the necessity of 
inducing some degree of bronchoconstriction in order to detect any 
bronchodilating activity. Histamine was used to induce tone in these 
experiments. A second disadvantage is that only changes in total lung 
resistance can be measured and the respective contributions of changes 
in compliance or flow resistance to the total change could not be 
distinguished. As changes in total lung resistance had been observed 
after diazoxide was administered (see Chapter 3, Results) further 
experiments were performed in vivo to measure specifically the effects 


of diazoxide on Cr, and Ree 


ise MEASUREMENTS OF Ch AND RE 


Values for C; and R, were determined using a method similar to 


L 
that described by Mead and Whittenberger (1953). Random bred, male 
guinea pigs weighing 287.5-1048 g were anesthetized with urethane, 


1.75 g/kg, given intraperitoneally. This dose is larger than that used 


for the air overflow experiments, however, sodium pentobarbital was 
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never added. The trachea was cannulated and connected to the Harvard 
onal lyAnimal Respiration Pump set tofa constant rate of 20 RPM in a 
manner similar to that used in the air overflow experiments (see Figure 
8). In these experiments, the pneumotachograph was placed between the 
pump and the tracheal cannula. The side-arm of the cannula was used to 
monitor intratracheal pressure and was connected to a Grass Volumetric 
Pressure Transducer Model PT5 A. The signal from this transducer (Po) 


provided an estimate of the parameter P The pneumotachograph was 


eS 
connected to a Statham P23BB transducer and provided a measure of V. 


Appropriate pairs of signals (V and P,, or V and Po) were initially dis- 


zh 
played simultaneously in order to ensure that measurements were not 


distorted by phase lags between signals. 


sg DETERMINATION OF Re 


For the determination of R the V and Pr signals were displayed 


L? 
on the y-axis and x-axis, respecitvely, of a Tektronix 5113 oscillo- 
scope equipped with Tektronix 5A22N differential amplifiers anda 
5B12N Dual Time Base. The dual time base was used as a differential 
amplifier, thus the oscilloscope became an x/y plotter. In order to 
remove the compliance component from this plot, a pressure signal 


equal toe FP was electronically subtracted from the Pr signal. The 


CL 
angle, 8, of the resulting line was measured and its slope calculated 
as tan ¢. Re was then determined by calculating the reciprocal of 
the slope, cot 6 (Figure 3). Resistance measurements were made at 
7.5 ml ventilation volumes for animals larger than 450 g and at 6.5 


ml for smaller animals. When not measuring C;, the animals were 


ventilated at these volumes. 
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II. DETERMINATION OF Cry, 


For the ee ae ee ona Che volume and pressure measurements 
were recorded at three pump volumes, depending on the size of the 
animal. For animals larger than 450 g, volumes of 5, 7.5 and 10 ml 
were used. Volumes of 5, 6.5 and 9 ml were used for smaller animals. 
The volume measurement was obtained by electrical integration of 
the V signal from the pneumotachograph. The values for V and Pr 
were plotted on the y-axis and x-axis of a graph, respectively. 

The best straight line through these values was determined using 
linear regression analysis, and C;, was calculated as the slope of 
that line. 


Circuit diagrams for the integrator and subtractor units are 


provided in Appendix 2. 


The jugular vein was cannulated and drugs administered as in the 
air overflow experiments. Pancuronium bromide, 0.1 mg/kg, was admini- 
stered at the start of each experiment to paralyze the respiratory 
muscles and eliminate the effects of changes in the pattern of breathing. 
Two animals required an additional dose of this drug during the course 
of the experiment; the second dose was reduced to 0.05 mg/kg. It was 
assumed that the compliance of the chest wall remained constant and 
that changes in Cy; therefore reflected changes in lung compliance. 

The carotid artery was cannulated and blood pressure was monitored 
with a Statham P23BB transducer. Blood samples were taken at the start 
and just prior to the administration of the bronchodilator to be tested 
from some of the animals. Samples were obtained from either the carotid 


artery or the jugular vein. A 1 ml syringe, rinsed with and containing 
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O.1 ml heparinized saline was attached to the cannula and 0.5-1 ml of 
blood withdrawn. The syringe was immediately capped until analysis. 
All samples were tested within approximately 5 min of sampling. The 
samples were analyzed for pH, pCO» and pO» values on an Instrumentation 
Laboratory Micro 13 pH/Blood Gas Analyzer. 

Only one bronchodilating agent was tested in each animal. The 
effects of histamine and 5-HT were examined before and after administra- 
tion of the relaxant drug to be tested. The effects of atropine, 
vagotomy, mepyramine, indomethacin and ASA on the initial increase in 
total lung resistance observed after diazoxide administration (see 
Results) were investigated. The effects of imidazole, a PDE activator, 
on diazoxide activity were investigated. All experiments were performed 


in “eri plicate.. 


a. STATISTICAL METHODS 


The Student's t-test, standard error of the mean difference, 
analysis of variance, and Duncan's Multiple Range Test were used as 


described by Snedecor (1967). 
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The pesults from the experiments in vitro, the air overflow 
experiments and the measurements of Cy, and Rp With. betpresented 


Separately. 


ae GUINEA PIG TRACHEAL CHAINS 


le EFFECTS ON INHERENT TONE 


Slow, moderate reductions in tone were noted after the addition 
Gieitazoxtdess dics) oes Ml. eiimophy. line. 0.22 5x Pome MeL One IN. 
6.3 x 1079 M, to the bath (Figure 9, a4-c). The potency ratio of 
aminophylline and INA, based on these doses, is 3500 which is in 
reasonable agreement with the ratio of 10,000 reported by Hawkins 
& Schild (1951) for equiactive doses of aminophylline and INA. 

When the dose of diazoxide was doubled, no additional relaxa- 
tion was observed. Higher doses of diazoxide were not tested 
because of its low solubility in Krebs solution (see Chapter 2, 
Appendix I). Also, 1.3 x 107+ M diazoxide was already equivalent 
to a bath concentration three times greater than the therapeutic 
plasma concentration (10 pg/ml) of diazoxide (Drugs, 1971). 

Aminophylline, 0.22 x 10°+ M, was judged a less effective 
pelaxant than. diazoxide, 1.3 x 107* M, using the standard error 
of the mean difference. However, when the dose of aminophylline 
was doubled, more relaxation was produced and the differences 
between aminophylline and diazoxide were no longer statistically 
Significant. Higher concentrations of aminophylline would have 


corresponded to toxic plasma levels and, therefore, were not tested. 


500 mg 


FIGURE 9. Relaxation of inherent tone induced by diazoxide, 
aminophylline and INA. 


Son Diazoxice, 1.) 107 1M 
bb) Aminophylline 0.22 % 10 7 M 
c) INA 6.93 x 10-9 M 


dy. INA 225s 10° 
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In contrast to either aminophylline or diazoxide, higher 
doses of INA produced prompt and marked relaxation (see Figure 
GO, dad). Hawkins € Schild (1951) have also commented on the slow 
development of relaxation induced by aminophylline as compared to 
that induced by INA. 

Combinations of diazoxide and aminophylline had additive 
effects (see Figure 10). Combinations of either diazoxide or 
aminophylline with INA did not significantly alter the response to 
INA, however, if all three drugs were added to the bath, the 
response was Significantly lower than the response to INA alone 
sec Figure 11)’. 

As aminophylline (and diazoxide) and INA are thought to raise 
cAMP levels by different mechanisms (Butcher & Sutherland, 1962; 
Robison, Butcher § Sutherland, 1967; Sutherland, Robison € Butcher, 
1968; Farmer §& Farmer, 1976; Kreutner & Sherwood, 1977), the 
combination of these drugs would have been expected to potentiate 
the response to INA if relaxation was mediated by cAMP. However, 
in these experiments, the maximum relaxation was not determined, 
and it is possible that the maximum had been achieved with INA 
above. Also, Nolsiainen et al. (1977) have suggested that poten- 
tiation of B»-agonists is greater and easier to detect than poten- 
tiation of INA. Therefore, the possibility of potentiation was 
also investigated using salbutamol and diazoxide. In these 
experiments, all responses were expressed as percentages of the 
maximum. Salbutamol, 5 x tos oi produced a marked relaxation 


that was potentiated by diazoxide, 1.3 x 10-* M (see Figure 12). 
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FIGURE 10. Effects of diazoxide and aminophylline on the normal 
tone of guinea pig tracheal chain preparations. 


Bars represent mean values of relaxation obtained from four 
preparations when diazoxide, 1.3 x 107* M (D), and aminophylline, 
0.44 x 107+ M (A), were tested, vertical lines show S.E. 
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Relaxation 
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FIGURE 11. Effects of diazoxide’ and.aminophylline on response to INA. 


INA, = INA 2.5 x 10°° M 

DAs SutNA, Ae LO) 

A =sAminephy ULine.0.422 .<1001.M 
D = Diazoxide 1.3°x 10-7 M 


Bars represent mean values obtained from four tracheal chain 
preparations. Vertical lines show S.E. 
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FIGURE 12. Erfects of saibutamol and diazoxide on the normal tone 
of guinea pig tracheal chain preparations. 


Bars represent mean value of the fraction of maximal relaxation 
observed after salbutamol (S), 5 x 10-? M, and Diazoxide (D), 
ieee 10) Mo ) Vertical bars ,show SB. and n is given in parentheses. 
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Occasionally, a contraction was observed when diazoxide was 
added to the bath (see Figure 13). The contraction lasted less 
than one minute and was only noticed in a few tissues. However, 
when the results of the air overflow experiments were obtained, 
the traces were re-examined and small contractions were noted in 


most tissues. 


EFFECTS ON HISTAMINE-INDUCED TONE 


In these experiments, the responses to histamine (2.5 x 107©° M 
to 2 x 10 > M) were obtained before and after the addition of one 
of the following drugs or drug combinations: 

Re Dtazoxrds , 1.3) & Loo = aD 
yas Aminopiy line Onl? <itOe Pet Bam A 


Cre ee ae os ae 
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SP aA alees 0a a Weel 
6. A+Ty 
be 12 or a 
an Dis 
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10’. Beas 
iv. tO ae 9 es cane | 
a2. Reo Ps 
All of the drugs blocked the effects of 2.5 x-10°° M 
histamine. When the histamine dose was doubled, A, 


A + INA; and A + D + INA) were no longer effective. Only 


500 mg 


FIGURE 13. Diazoxide-induced eontractaon. 


Diazoxidestscaxt 160.4 mM added at arrow. 
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combinations of D + INA or A + D + INA3 effectively inhibited 
responses to 1x107° M histamine, and no drug or combination tested 
inhibited the response to 2x10-° M histamine. These results are 
illustrated in Figures 14 and 15. The dose ratio of aminophylline 
and INA in these experiments was 880 which is in good agreement 
with the 1000-7000 ratio reported by McDougal & West (1953) for 


equiactive doses. 


EFFECTS OF PROPRANOLOL 


Propranolol, 6.8 x 107’ M, was used to investigate the 
possibility that diazoxide was acting by a mechanism which involved 
stimulation of B-receptors. The effects of diazoxide on normal 
tone were unaffected by propranolol, whereas the response to INA 
was abolished (see Figure 16). The effects of diazoxide on 
histamine-induced tone were also unaffected. Similar results 


were obtained with aminophylline. 


HUMAN TISSUE 


TRACHEAL 


One human tracheal ring was obtained and tested at two 
different tensions. Initially, the ring was mounted in the bath 
with just enough tension to keep it vertical as suggested by 
Castillo and de Beer (1947). Diazoxide, 3.25 x 107* M, abolished 


the contractile effect of histamine even when the dose of histamine 
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Relaxation 


2.5x10-© 5x1075 M 1x%1075 M 2x107° M 


Histamine concentration in bath 


FIGURE 14. Effects of relaxants on responses to histamine. 


Bars represent mean response to histamine in control tissues (C) and 
im tissues treated with diazoxide (D), 143 *% 107* mM, aminophylline 
CeO e ne Oa eM mand Ane? 5 See oMeCT hort x t0r” M CT). 
Vertical lines show S.E. and n is given in parentheses. 
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FIGURE 15. Effects of combinations of relaxants on responses to 
histamine. 


Bars represent mean response to histamine in control tissues (C) and 
tissues treated with some combination of diazoxide 1.3 x 1077 (D), 
emitiopayiline 0.22 x 10°" (A)) INA 2.5.x 107° M (Iy)5 5 & LOn? M (15) 
er tex 10—” Mi habs. Vertical lines show) S.E.n ands mis) given in 
parentheses. 
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PEGURE 1G.) Errects, of propranolol on diazoxide achivity - 


a) Response to diazoxide 1.3 x 10°+ M (D) in control tissue. 
b) Response to D in presence of propranolol 6.8 x 1077 M. 
c) Response to INA 1.25 x 10-8 M (I) in control tissue. 


d) Response to INA 1 x 1077 M Cly) andx 1077 M (fo) in 
presence of propranolol 6.8 x 40s Ee 
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used was equal to that producing a maximal response before the 
addition of diazoxide. Reducing the dose of diazoxide to 

3.25 x 107? M produced effects similar to that seen in the guinea 
pig tracheal chain preparations. 

After the two doses of diazoxide had been tested, tension on 
the ring was increased by 500 mg. Sensitivity of the preparation 
to histamine increased and diazoxide, in concentrations of 
By 2pex 107 i oo 0s Miornl.3 1071 M, failed tc. antagonize 


the response to histamine. 


BRONCHIAL 


Three human bronchial preparations were tested. One prepara- 
tion failed to develop tone and did not respond to any of the 
drugs tested. Both of the remaining preparations developed 
inherent tone which was reduced by diazoxide, 1.3 x Lone Meson 
aminophylline, 0.22 x 10°* M. Aminophylline, 0.44 x 107+ M failed 
to antagonize the response to histamine in either preparation. 
Diazoxade, 2.6 x10-' M, failed to antagonize the effects of 
histamine in the second preparation, but 1.3 x 10°* M diazoxide 
effectively inhibited the contractile effect of histamine in the 


third. These results are summarized in Table 2. 
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TABLE 2 


Human Bronchial Preparations 


Developed inherent tone 

Diazoxide decreased inherent tone 
Aminophylline decreased inherent tone 
Histamine caused contraction 
Diazoxide antagonized histamine 


Aminophylline antagonized histamine 
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Preparation 
£ 2 3 
No Yes Yes 
- Yes Yes 
- Yes Yes 
No Yes Yes 
- No Yes 
= No No 


og 


AIR OVERFLOW EXPERIMENTS 


INCREASED RESISTANCE TO INFLATION 


Eighteen animals were used in this series of experiments. 
In each animal, histamine produced a dose-related increase in 
total, lungsvesistance to inflation. The mean EDsg Of Nistanmine 
was 0.44 ye(StEe 0.04). IndividnualseDe g's ranged) ‘from: 0Le9 mpg 
to 0.83 ug. Typical responses to histamine are shown in Figure 17. 
Just as an initial contraction had been observed in the 
tracheal chain preparations, an initial increase in total lung 
resistance was observed when diazoxide was first injected in vivo 
(see Figure 18). The increase was dose-related, could 
be reversed by occlusion of the overflow tube, and was detected 
in approximately 70% of the animals. A similar, but milder, 
increase was observed in about 25% of the animals after injection 
with aminophylline, although the animal usually recovered within 
one minute without the occlusion of the overflow tube. An increase 
in total lung resistance was never noted after administration of 
INA. This initial increase was investigated more thoroughly in 


the experiments in which R; and C, were measured, and these results 


L 


will be presented in the section dealing with the measurements of 


Ry, and Cy. 
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Total lung resistance 


FIGURE 17. 


Histamine (ug) injected 


Responses to histamine in typical air overflow 
experiment. 


60 


61 


Total lung resistance 


Arrows show time of injection of diazoxide, 10 mg/kg (a), 
20 mg/kg (b) and 40 mg/kg (c). 


FIGURE 18. Response to diazoxide in air overflow experiment. 
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DECREASED TOTAL LUNG RESISTANCE 


Presoride: aminophylline or INA effectively inhibited the 
be aN ee Bae. in total lung resistance. These 
drugs were administered in the following doses: 
tae Diazoxide, 10, 20 and 40 mg/kg 
2G Aminophylline, 7.5, 15 and 30 mg/kg 
33 INA, O..0185 O.0Gsi.citrcmO Oyen uke 
The data obtained from the first six animals was analyzed using 
the standard error of the mean difference (Snedecor, 1967). This 
analysis showed that inhibition of the response to histamine was 
significant at the 5% level for the following minimum doses tested: 
sage Diazoxide, 10 mg/kg 
oe Aminophylline, 7.5 mg/kg 
So VINA, 0.035 qiey ker. 

In a few animals, 0.018 ug/kg of INA appeared to inhibit the 
response to histamine and, therefore, this dose was not eliminated 
from subsequent experiments. All three drugs blocked histamine in 
a dose-related manner. Results from typical experiments in which 
diazoxide or aminophylline was administered are shown in Figures 
i3 and 20. 

The results obtained when D, A, or INA was the first drug 
tested are summarized in Figure 21. Although their effects were 
dose-related in individual animals, interanimal variation was 
large enough that no significant difference was noted among the 
three doses of each drug. Although it appears that INA was less 


effective than either D or A, when an analysis of variance 
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FIGURE 19. Inhibition of response to histamine by diazoxide. 
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FIGURE 20. Inhibition of response to histamine by aminophylline. 
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(Snedecor, 1967) was done in which each drug and dose was classi- 
fied aS a separate treatment, no significant differences among the 
treatments was found. However, the order in which the drugs were 
administered did produce a statistically significant difference. 
The difference was further analyzed using Duncan's Multiple Range 
Test (Snedecor, 1967). At the 1% level, the following influence 


of the order of administration was found: 
DAs; -DDAS SSA DTU Le 2p A eae EAD SFC Rt) 


A summary of the analysis of variance is shown in Table 3. 

If only data obtained from the first two relaxants administered 
was analyzed, a statistically significant (5% level) difference was 
noted between the drugs used. Again using Duncan's Multiple Range 


Test to examine the differences, it was determined that: 


(75415, 30 ma/ke) 


A summary of this analysis of variance is provided in Table 4. 


ae MEASUREMENTS OF Ry; AND Cy, 


Examples of the resistance loops obtained in these experiments are 
shown in Figure 22-24. Figure 22 shows resistance loops which were 
obtained with 5 (inner), 7.5 and 10 (outer) ml pump volumes. The loops 
appear elongated due to a mechanical artifact associated with the pump. 
Figure 23 shows a single loop before (a) and after (b) the compliance 
component was subtracted. The large, distorted U-shaped portion in 


Figure 23b is the part due to the mechanical artifact. Figure 24 shows 
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Analysis of Variance for Air Overflow Experiments 


Source of Variation 


Drugs 


Order 


’, 
< 


DF 


* Statistically significant 


Sts) 


26.41 


49.714 


TABLE 4 


MS 


0.463 


Bi oaloyias: 


G2230 


0.245 


Values of F 
Prom. ap Le 


5% 1% 


Analysis of Variance with Two Relaxants Administered 


Source of Variation 


Drugs 


Order 


’, 


DF 


LOT 


* Statistically significant 


SS 


MS 


Valves: of FE 
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FIGURE 22. Resistance loops obtained with 5 (inner), 7.5 and 
10 (outer) ml pump volumes. 


FIGURE 23. Resistance loop before (a) and after (b) subtraction of 
compliance component. U-shaped portion in (b) is due 
to mechanical artifact. 
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a) Control 
b) After 12.8 ug histamine 


0) Lesa th? wrth Poy, subtracted 


FIGURE 24. Resistance loop with Pq; subtracted. 
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the resistance loop, with compliance component subtracted, before (a) 
and after (b) 12.8 ug of histamine were injected. Figure 24c shows 
the same loop when an amount or pressure greater than that due to the 
compliance component was subtracted. 

Em order (to elimimabe the effects tof spontancous breathing ‘on’ Ry 
and C;,, pancuronium bromide was injected at the start of each experiment 
to paralyze the respiratory muscles of the animal. This drug had no 
observable effects on either R, or Cy, (see Figure 25). Injections of 
0.2, 0.4 or 0.8 mlof saline also produced no significant changes in 
either Ry or Cy. 

In these experiments, only doses of 40 mg/kg diazoxide, 30 mg/kg 
aminophylline and 0.07 ug INA were tested. Immediately after injection, 
D caused a moderate fall in compliance and a marked increase in flow 
resistance. In contrast, neither aminophylline nor INA produced a 
significant change in either R, or Cp ‘(see Figure 260 

Injection of histamine produced dose-related decreases in Cy and 
increases im Rj. Diazoxide effectively inhibited changes in R, and C, 
induced by small doses of histamine. However, if large doses of 
histamine were injected, only the effects of histamine on C;, were 
inhibited; no protection from the increases in Re were noted. In 
Figure 27, the data from three animals is summarized. All three 
animals received a low dose of histamine (1.6 ug) before and after 
diazoxide was administered. The changes in both Ry, and C, were sig- 
nificantly reduced in the presence of diazoxide. Only one animal was 
given a dose of 12.8 ug of histamine. The change in compliance was 


reduced after diazoxide had been given but the increase in Ry; was not 
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AFTER PANCURONIUM 


is) BEFORE PANCURONIUM 


Compliance ml/cm H20; Resistance cm H,0/ml/ sec. 


DECREASED INCREASED 
COMPLIANCE RESISTANCE 
(16) (15) 


FIGURE 252 “Effects of pancuronium on compliance and resistance. 


Bars represent mean values before (open) and after (shaded) 
administration of 0.1 mg/kg pancuronium. Vertical lines show 
S.E. and n is given in parentheses. 
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FIGURE 26. Initial effects of diazoxide, aminophylline and INA.on 
compliance and resistance. 


Bars show mean of three values after administration of diazoxide 
40 mg/kg (D), aminophylline 30 mg/kg (A), or INA 0.07 ug/kg (IT). 
Vertical lanes show S.E. 
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Significantly affected. Similar results were obtained with amino- 
phylline and histamine. 

Imidazole (I) is a PDE activator (e.g. Butcher & Sutherland, 1962; 
Kukovetz & Poch, 1967; Farmer & Farrar, 1976) and would therefore be 
expected to antagonize actions resulting from the inhibition of PDE. 
The effects of imidazole on the activity of diazoxide are summarized 
in Table 5. The interanimal variation among these three animals was 
so large that no statistically significant differences could be detected 
between any of the responses. However, in ‘animal 2' the effects of 
diazoxide appeared to be reversed. The response to histamine in this 
animal was larger after the injection of imidazole that after control 
injections of histamine. The action of diazoxide in the remaining two 
animals did not appear to be affected by imidazole. 

The effects of 5-HT were also investigated, and these results are 
summarized in Table 6. The injection of 5-HT caused compliance to fall 
and flow resistance to increase. The changes in R; were more marked 
amd eoceupred abter lower doses of 5S-HT thansthe changes im Cre 
Diazoxide failed to antagonize the effects of high doses of 5-HT on 
Cr, but did reduce their effects on R, (Table 6). 

Aminophyllinenprevented*the effects of (5-H on C; but failed to 
antagonize the effects of 5-HT on Ro (see Table 7). 

The remaining experiments were performed to determine more about 


the initial changes in R, and Ch observed after the administration of 


L 
diazoxide. 


Vagotomy or pretreatment with atropine, 0.05 mg/kg, were used to 


investigate the possible involvement of vagal reflexes or other 
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TABLESS 
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6 Decrease in Cr after 6.4 ug Histamine 


Q, 
6 Cy, Decreased Time GD 


Animal Before D After D After D&I Between D&I 
i 42.4 36.4 3349 AS 
41.4 
Zz iowa ea) 34.5 24 
iiss: 21 
S (hae Swiail 41.2 24 
48.5 
1-3% SOs 2! SOO 
(ShEte5s 95) (S.E.=6) (c. Eme D3.) 
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* Differences not statistically significant 
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The Influence of Diazoxide on 5-HT Responses 
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ug S-HT Before D After D 
2 fe, bt oe Ose 4+ (4) 
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Statistically significant reduction 
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The Influence of Aminophylline on 5-HT Responses 
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parasympathomimetic actions. Neither treatment had any effect on the 
diazoxide-induced changes in Ry, or C, (see Figure 20% Rr and C, were 
not measured eat aoe Shes ere so the effects of vagotomy on these 
parameters could not be determined. The dose of atropine used in 
these experiments produced no significant change in either parameter. 
The diazoxide-induced changes in R,, were effectively eliminated 
by pretreatment with mepyramine, 0.1 mg/kg, whereas changes in C; were 
unaffected (see Figure 29). This data suggested that histamine was 
involved in the initial effect on the large airways. The effects of 
mepyramine on the 5-HT response were also determined in order to check 
the specificity of mepyramine at this dosage. The responses to 5-HT 
were unaffected by pretreatment with mepyramine (see Table 8). 
Pretreatment with indomethacin, 0.1 mg/kg, produced results 
opposite to those obtained with mepyramine (see Figure 29). The 
changes in R;, produced by diazoxide were unaffected but the changes 
in Cy, were abolished. Similar results were obtained in animals pre- 
treated with ASA (see Figure 29). As the initial response to diazoxide 
resembled the effects of 5-HT, that is, a marked increase in R, with a 
less marked fall in Cr» the effects of indomethacin on the response to 
S-HI was also investigated. Both the fall. in C; and the increase in 
Ry, produced by 5-HT were potentiated by indomethacin (see Figure 30). 
These results suggest that 5-HT is not involved in the initial responses 
to diazoxide, but that a prostaglandin or prostaglandin-like substance 
is involved with the response to diazoxide which occurs in the small 


airways. 
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TABLE 8 


Effect of Mepyramine (M)! on 5-HT Responses 
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Analyses of Blood Samples 
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FIGURE 28. Effects of atropine and vagotomy on initial responses 
to diazoxide. 


Bars represent mean percent change produced by diazoxide 40 mg/kg 
in 3 control animals (C), 4 atropinized animals (A) and 3 
vagotomized animals (V). Vertical lines show S.E. 
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FIGURE 30. Effect of indomethacin on responses to 5-HT. 


Bars represent mean change caused by 5-HT before (open) and 
after (shaded) administration of indomethacin, 0.1 mg/kg. 
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E. BLOOD SAMPLES 


The values of pH and pO» obtained from arterial blood samples 
taken at the start of each experiment were not significantly different 
from those obtained from samples drawn just before addition of the 
bronchodilator to be tested. However, a slight degree of hypocapnia 
was apparent. In the one animal in which venous samples were obtained, 
the difference between samples was slight. These results are summarized 
in Table 9. This data suggests that the effects measured were due to 
the drugs being administered and not to reflexes resulting from changes 


in blood gases or pH. 
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The relaxation of normal tone in the guinea pig tracheal chain 
preparation induced by diazoxide or aminophylline was much slower to 
develop and smaller in magnitude than that produced by INA. Such 
differences between the response to aminophylline and INA have been 
reported in the literature (Hawkins & Schild, 1951). As the mechanisms 
of action of INA and aminophylline are different (e.g. Butcher & 
Sutherland, 1962; Robison, Butcher & Sutherland, 1967), these results 
suggest that diazoxide is producing relaxation in a manner similar to 
aminophylline, that, is, by inhibiting PDE. and not in a manner similar 
Lo: i NA. 

If the actions of diazoxide were due to inhibition of PDE, one 
would have expected diazoxide to potentiate the relaxation induced by 
INA. Neither diazoxide nor aminophylline appeared to potentiate the 
response to INA in these experiments. However, the maximum response 
had not been determined and it is possible that no potentiation was 
detected because the maximum amount of relaxation had been achieved 
with INA alone. In more carefully controlled experiments, diazoxide 
markedly potentiated the effects of the 8.-agonist, salbutamol. Also, 
in the experiments with histamine-induced tone, the expected potentia- 
tion was observed when either diazoxide or aminophylline was combined 
with INA. 

As diazoxide has been reported to cause the release of catechol- 
amines (e.g. Loubatidres, Mariani. 6 Alpaca, 1968: Sentt, 1968; 
Tabachnick & Gulbenkian, 1968), its actions on the tracheal chain were 
examined in the presence of propranolol. The dose of propranolol 


employed, 6.8 x Aon! M, produced an effective blockade of the 
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B-adrenergic receptors and doses of INA as high as 2 x 40°". M failed 
to induce even a slight degree of relaxation. The actions of diazoxide 
on either normal tone or histamine-induced tone were unaffected by 
propranolol pretreatment and similar results were obtained with amino- 
phylline. The dilating effect of diazoxide on airway smooth muscle is 
clearly independent of B-adrenergic stimulation, and these results 
support the idea that diazoxide is producing relaxation by an action 
different from that of INA. Although far from conclusive, the results 
from the tracheal chain preparations would support the hypothesis that 
diazoxide was relaxing airway smooth muscle by inhibiting phosphodi- 
esterase and thus increasing the level of cAMP. 

arr Sit erostii oO note tnd tiereireets om diazoxide sn vivo 
were not significantly affected by imidazole, a PDE-activator. These 
results might suggest that diazoxide relaxes airways smooth muscle by 
a mechanism not involving PDE-inhibition. However, Kukovetz & Poch 
(1967) found that the time intervals between administration of the 
PDE-inhibitor and imidazole were critical to observing the effects of 
imidazole. In this study only three animals were tested and the optimum 
time for measuring responses may have been missed. 

Too few experiments were done with human tissue to draw any con- 
clusions about the activity of diazoxide in the airway smooth muscle 
in man. However the variation of responses in these experiments and 
the length of time required for the tissues to recover illustrate some 
of the disadvantages of working with isolated preparations. Although 
the actions and relative potencies of bronchodilators are thought to be 


similar in guinea pig tracheal and human bronchial tissues (Hawkins & 
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Schild, 1951; McDougal & West, 1953), the variation observed in these 
tissues also emphasizes the caution that must be exercised when trying 
to predict the actions of a drug on human airways from the results of 
experiments done with animals. 

The ability of diazoxide to relax normal and histamine-induced 
honewinevatromsuggested thateatoemighe befanterrectivesbronchédilator 
Bie iVO; ee Thetalmeovertilowlexpepimentsiwere: performedato vinvestigate 
LiiSApOSsuDt Lacy. 

In the air overflow experiments, histamine produced an increase 
in total lung resistance to inflation (Rpyz,)> evidenced by an increased 
overflow volume, in each animal tested. Although a large interanimal 
variation was observed, it was much less than that reported in the 
literature. The air overflow method is unable to distinguish between 
effects occurring in the small or large airways. However, this 
technique is thought to be most sensitive to changes in the small 
airways and, thus, to reflect changes in lung compliance (Holgate & 
Warner, 1960; Collier & James, 1967; Collier, 1968). This concept is 
supported by the fact that recovery can be hastened by occlusion of 
the overflow tube, as lung distension is known to increase compliance 
(Mead & Whittenberger, 1953; Mead, 1961; Nadel, 1965; Karczewski §& 
Widdicombe, 1969b; Colebatch, 1970; Guyton, 1971; Drazen & Austen, 
1974). Therefore, drugs which inhibit the histamine-induced increases 
in total lung resistance in this type of preparation can be expected to 
cause dilation of the small airways, although additional actions on 


the larger airways are not excluded. 
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Diazoxide was approximately equiactive with aminophylline in 


preventing histamine-induced increase in R in vivo. It is interesting 


TL 
to note that when the order of administration was examined, combinations, 
in which either diazoxide or aminophylline was given first, were more 
effective than those in which INA was the first drug administered. The 
order of administration may also have affected the results obtained 
when investigating the actions of combinations of relaxants on the 
tracheal chains. 

To this point it appeared that diazoxide might be an effective 
drug to treat acute bronchoconstriction such as that occurring in an 
asthmatic attack. However, the ability of diazoxide to produce an 
initial increase in the air overflow volumes suggested that it 
possessed a bronchoconstricting action which would limit its usefulness 
in a patient already suffering some degree of respiratory distress. The 


measurements of Cr, and R, were particularly helpful in studying this 


L 
effect as they provided information about which part of the airways 
was affected. 

In order to eliminate the effects of the respiratory muscles, 
pancuronium bromide was administered at the start of each experiment 
in which compliance and flow resistance were measured. This muscle 
relaxant was chosen for several reasons. Firstly, it is a non-depolar- 
izing muscle relaxant and, secondly, it possesses a relatively long 
duration of action. Only two animals used in these experiments 
required an additional injection of pancuronium during the course of 


an experiment. Also, pancuronium is thought to produce little 


ganglionic blockade and minimal histamine release. In these 
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experiments, it paralyzed the respiratory muscles without having any 
direct effect on either R, or C, (see Figure 25). 

Histamine eaten dose-related increases in Re and decreases in 
Cr Although the variation in the response to histamine was greater 
than that observed in the air overflow experiments, it was still much 
less than that reported in the literature. The variation could probably 
have been further reduced by using weight-correlated doses. 

Whereas INA prevented histamine-induced changes in Cy, and R,, 
equally, D and A each prevented the histamine-induced decreases in Cy, 
mere readily than the increases inv? ky = (hese results suggest that both 
A and D produce a bronchodilation that primarily occurs in the small 
airways and becomes less effective as the airway size increases. If 
this were true, it might also account for the slow and moderate actions 
of D and A on the tracheal chain preparations. However, the results 
obtained when 5-HT was the constrictor used must also be considered. 
These results support the idea that D and A dilate small airways, but 
suggest that D is also able to relax effectively the smooth muscle in 
the larger airways. It would appear from these results that the 
relaxant action of diazoxide on the large airways is dependent on the 
constrictor used. The inability of diazoxide to relax the large 
airways when histamine is used as a constricting agent may be related 
to its initial effects on the large airways. One possible explanation 
for this will be proposed after the initial effects of diazoxide have 
been discussed. 

Diazoxide produced an initial increase in air overflow volume 


or total lung resistance to inflation by a combination of effects 
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on the small and the large airways. Constriction in the small airways 
appeared to be much less severe than that occurring in the large airways 
as evidenced by moderate decreases in C;, and very marked increases in 
Rp. 
Neither vagotomy nor pretreatment with atropine produced a 
Significant change in the initial responses to diazoxide. Thus, it 
is unlikely that these responses involved either vagal reflex activity 
or the release of acetylcholine. 

Pretreatment with mepyramine selectively abolished the increase 
in Ry, observed after diazoxide injection. This suggested that a 
release of histamine or an histamine-like activity of diazoxide was 
a factor in producing the increase in R, but not the decrease in C;. 

It would seem that mepyramine was specifically inhibiting an histamine 
response, as responses to 5-HT were not affected. 

In contrast, pretreatment with indomethacin selectively eliminated 
the increase in C, observed after diazoxide administration. This 
suggested that the fall in C,; was mediated by a prostaglandin or 
prostaglandin-like substance. Similar results obtained in animals 
pretreated with ASA provide further support to the idea of a prosta- 
glandin-like activity being involved with the initial response to 
diazoxide in the small airways. 

The possible diazoxide-induced release of histamine in the large 
airways might explain the inability of diazoxide to cause dilation in 
the large airways when histamine was used as the constricting agent. 

A consideration of the cAMP response to histamine provides a 


possible mechanism for this effect. 
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Endogenous or exogenous histamine produces an increase in cAMP 
levels in normal and antigen-sensitized guinea pig lungs, which peaks 
in approximately 4 min Cate Mathe, Sohn § Volicer, 1978). In guinea 
pig lungs, the increase in the cAMP appears to be mediated by histamine 
H»-receptors whereas bronchoconstriction is mediated by H,-receptors 
(Mathé, Volicer & Puri, 1974). Histamine has also been reported to 
cause an Ho-receptor mediated rise in cAMP in other systems Vener 
Lichtenstein € Gillespie, 1973). The Hy-blocking agent, burimamide, 
abolishes the response (Lichtenstein € Gillespie, 1973; Mathé, Volicer 
& Puri, 1974) whereas H)-blocking agents either do not block the 
response (Lichtenstein &€ Gillespie, 1973) or only partially block the 
response (Mathe, Volicer & Puri, 1974). 

Mathe’, Sohn § Volicer (1978) noted that the histamine-induced 
increase in cAMP was reduced in the antigen-sensitized lungs. They 
suggested that the reduction was due to histamine receptor desensitiza- 
tion caused by an increased spontaneous release or "leakage" of 
histamine in the sensitized lungs. In addition, they showed that the 
response was equally reduced in lungs from non-sensitized animals which 
had been pretreated with histamine given intraperitoneally one hour 
before sacrifice. Mathe%, Yen, Sohn & Hedqvist had previously shown 
that spontaneous release of histamine and prostaglandins was increased 
in sensitized guinea pig lungs. Prior administration of histamine was 
also shown to inhibit the increase in cAMP observed after antigen- 
induced histamine release in leukocytes (Bourne, Melmon € Lichtenstein, 
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It would therefore seem reasonable to assume that diazoxide, due 
to an initial release of histamine or direct action on histamine 
receptors in the large airways, may cause a desensitization of the 
Hg-receptors, and thereby depress the rise in cAMP normally seen after 
histamine injection. It is also interesting to note that the initial 
increase in R,, produced by diazoxide lasted approximately 5 min which 
is in close agreement to the time determined by Mathe, Sohn & Volicer 
(1978) for the development of Ho-mediated increases in cAMP. 

Although aminophylline was observed to increase overflow volumes 
ii Sone exper imcnts eG was not observed to alter either Ry or C,- As 
Ry, determinations could be made quite quickly, it is unlikely that 
changes in R; would be undetected. However, measurements of Cy, took 
a longer time to accomplish and it is possible that changes did not 
persist long enough to be detected. As the major actions of amino- 
phylline appeared to be in the small airways, this would seem to be a 
reasonable explanation. 

These results also cast some doubt on the validity of assuming 
that changes in air overflow volumes in air overflow experiments 
primarily reflect changes in small airways. Although inhibition of 
overflow volumes could be correlated with protection of small airways 
by changes in C;, the increased volumes observed after diazoxide 
injection appear to be affected more by changes in large airways, that 
is increases in R,» than by actions on the small airways, that is 
decreases in Cy. 

If it is assumed that changes in Rp result from actions on the 


trachea and large bronchi, whereas Cr. is chiefly affected by actions 
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at the level of the respiratory bronchioles and alveoli, several 


conclusions can be drawn from these investigations: 


i. 


Diazoxide is an effective relaxant of respiratory smooth muscle 
MALE, 

Diazoxide is an effective bronchodilator in vivo and it appears 
to act in both the large and small airways, 

Upon initial injection, diazoxide may constrict both large and 
small airways, 

The initial constriction caused by diazoxide does not involve 
vagal reflex activity or the release of acetylcholine, 

The initial constriction of the large airways possibly involves 
the release of histamine, or a direct action on histamine receptors, 
whereas , 

The initial constriction of the small airways is probably 


mediated by a prostaglandin or a prostaglandin-like substance. 


3k Lovie eh vd til 


1 


eG & ne esther itt sins 


REFERENCES 


a2 


We 
LO: ; 
\ i 


ete iy 
ie Ni ie a 
PL a 


‘a Aaa 
i gD Ce 


a ee ar 


, : 
' mn i 
f LA 
ns 
t , . 
i ee : 
] fy | ; 
CRY 
t 
' 
ty 
uit 
i 
A an 
ry fy 
! t 
1 a 
i 
| 
Eh 
it 
ft: 
ss 


es) 6c ae 


93 


Akeasuy A» Che52).- J. Pharm. Pharmacy 4 672: 
Akcasu, A. (1959). Arch. Int. Pharmacodyn., 122, 201-207. 
Ash, Avoen. 6 Schild 8H.0.. (41966). Br. Jd. Pharmac., Ze 427-439. 


Bary) HP (1974), Adv. Cycliie: Nuet Res. , 4, 195-237': 


perven.s Ave Mitchela@.s Ria. €eSevermnehaus, J.W. CLOT). Nie Eng. J. 
ies “Meal ber Czy, Sonos 


PLAC SaerGhit Pil. Ul ws, KemDUPOEP iS Prime. cre hore 
Bre Meds ~ o5el3=20. 


Deiter aN Duncan, Nene My. DORAN wey ~oanel Lin. Ook. ©) Parsons gir oo. 
(1972)% Mature, 236, 885-390’. 


Biack..wewe, Duncan,’ wW.A. Mi, Emmete, de @s, Ganelliny~Cuik. .”Hasselbo, T., 
Parsons, M.E. §& Wyllie, J.H. (1973). Agents and METIONS 400, 
138-137". 


plewteher,.5.d 5,8 Chowdhury, &.,+Podolsky, S.5) Fleishman, Ps" 6 Goldner, M.G. 
(aSeevn. AnnaweN.Y o> Acadt-Seitswioos Arte 2, 294-302. 


Bouhtye yes. (1977). “IneeThe Baochemistry of Smooth Muscles pp.’ 703-722, 
Editor: N.L. Stephens, University Park Press: Baltimore. 


Bouhuys, Aw Jenssome «Ree Lichtneekerts os, Lindel?’ "G2=n. 2 lundgren, C., 
hindinajec.=c hingquice, Tun etl60)48 Glin. Sci., 10, 79-9H,. 


POUnWy Seon 4s DennasteN.W. €eDouglas SosSe C1969) li Physiol’ "200, 
64P-65P. 


BGurne,-HeR.%. Melmons Ket 6° Lichtenstein’ h.M. (19719 "Science,*173; 
743-745. 


Beody, A:We, *DUuBoase eA Be; Nisells O82 °e*%Engeibere, 0. (1956). 
Ane we Physiol ei36, 142-148" 


Burden, D.J., Parkes, M.W. & Gardiner, D.G. (1971). Br. J. Pharmac., 
HG, 122-131% 


Butcher, R.W. & Sutherland, E.W. (1962). J. Biol. Chem., 237, 1244-1250. 


Cabezes JRGen  aCrame+P pes 6 (Nadel ars AoC 1971). od. Appl. Physiol. 
Bit S) 5) 651-655. 


Caer ig). C eee becom rd. (iSh7 7 ad. Pharmacol =. 90, -Fot-109. 


Chand SEN PeStayresne, (C1975) “Agents “and Wetions ,./5¢4) 5-2774295. 


Pe wioesatt 1 ee 


iy iif if, el 
| ith * ato 7c at th iH 
a 


hig 


pai aaa 


SEN g ED SIR) ae 9: 


SEN + BON ‘sien doa 
Somes te hast 


| peter. t: ay t e | as €. * % ua 
Sav ks: fos dil ania 


eae 
ov men Rt ater 


i 
, 


08)» ate r ante ety 


‘ 


i, 
i 


Ry! - foauenee | cone , at pmbosepe ta i 


ae coat a os o ial nt “us A yale a _ 


Be. | r : HOE ¥ * te 


y ponte n+ ae 1.48 | 2 oe 4 ait eines 
vee au! ys ‘th og 40 2 abs cohoty one Lanecqutaeh aa stat 
« AotirAt hits . be Hates te or, 
( eis ie. i. g 
Le ae wl 


Q4 


ChandseNn = & Eyre, P< (1977)... Agents andy Actions, 7(2), 183=190. 


Colebatch, H.J.H. (1970). In: Airway Dynamics, Physiology and 
Pharmacologys. pp..169=-189." "Editors “A. Bouhuysy Cherles’ Cc. 
Thomas: Springfield, Ill. 

Collier, iH. O%0.. €-James, GW. eagoe7) eg are. JA Pharmac, 60, 283=301 . 

Collier, H.O.J. & James, G.W.L. (1970). In: Airway Dynamics, 
Physiology and Pharmacology, pp. 239-252. Editor: A. Bouhuys, 
Chantlesr Gar Thomas:/<Springtield, Dil. 


Boiiver, i. 0.0.5. Holgate Sura Schachter...) € Shorley, PG. (iy60). 
Bede Ehavmac.5) 15, 290-297. 


Dale sH-H.ee Laidlaw, P:P. (1910). “d- °Physiol., 415 348-344. 

Dautrebande, L. (1970). In: Airway Dynamics, Physiology and 
Pharmacolopgy.e pp. 153-168. Editor: A. Bouhuys, Charles C. 
tomas: “springtield. Lil. 


DeNociwe MA, Nadel i. Ay. 2Wi, Ss. colebatch, H.d.He € Olsen, C2R. 
(2OCb)n. 0 GAppiaPhysio lie 21 kehe5-1oM. 


Delarmewsky dr., G. & Green, R.D. (1977). Int..J. Biochem... 8, 1 d-o2.. 
Dennis, M.W. € Douglas, J.S. (1970). In: Airway Dynamics, Physiology 
and Pharmacology, pp. 293-2602. Editor: A. Bouhuys, 
Charles C.. Thomass+' Springfield jyriil. 


DeRihls. ¢« 6 Douglass d omyeCasby,.ueU., Stolwigk, J.A.J. € Bouhuys,. A. 
h1969) 2 J. Appi Physiol., 26(2), 248-252. 


Doric eC. Mee cicart, wee (1977 )e Piligens Archiv (huma 4 Physiol...) ; 
Oise 205-253 | 


Diu ee Beodie. sTG. (1903 )s.\Je) Physiol.) 29.6973. 
Pougbas Aono. cepouniys., A. (1960)°> (Chine Res. 17) 617. 


Dougias dS ) DennisceeM.W.\, Ridgway, P., é?Bouhuys, ALS (19072). 
Jwenarmacs Bxpesiner.,.180(1). 98-109. 


Douglas.) 2c. lenis. M.W., Ridgway, b.ec Bounuys, Aa (1972). 
v.. harmack? Exp... Therw/184( 1)g e690. 179: 


Drazen, Oona fUseen, oh. (1974) 7 de clin. Invest.7, 550, 1679-1685. 
Drugs (1971), 2, 78-137, "Diazoxide: A Review of its Pharmacological 


Properties and Therapeutic Use in Hypertensive Crises", Editors: 
T.M. Speight € G.S. Avery. 


nets 3 ot eiogaess > lh gS phi 
‘ LA 4 a #6 Yan ry i ae re ; ; 


np piel om, ih ah . ks 


Dy 5 ni P fe fy nN? Bch " sepa he i, at | 
ana a an af hte ca 


‘et a ant fd COD | ay ae Ks 
rf ate at a 
7h: en ae ew Ong oe ‘al 


y eer 98 oy fotte a i 
wa on ca 


Bis “sft 


Q5 


Dickbless o.P.,;Rayner, M.D .€Nadeb tk. CL974)«, deePharmac. Exp. 
Ther., 190, 472-481. 


Dysonetdanc Campbell, ToAa (1977). (br. a). 'Clin.. Pharmacy, 4, 
677-682. 


Edinburgh Staff (1968). In: Pharmacological Experiments on Isolated 
Boepara pions} ipa ’2 oth 6 1 wavimgecone , tds. dinburgn . 


ineineer,»).M.o Niederhauseriuln. Papen.’ wae Sirois oP ...(1973).. 
Been. «Pharmac. ,462, 61-60. 


Pouce se b., CESS) ey Bria Ah. Pharmac., 36, 4O9-417. 

Ey ce ee. (1903 )s pore J+ Pharmac. , US e2i-323.. 

Ben seo co BE LOY Ord iy. hn gy hae ere ci, NOODE wR a5 
Baea SC el so. eoR@ONn a Woe O6Goee NY ahead. sCol> wet5 Oe 
Art. 2, 261-280. 


Parmer yal be eo rarrpar.s DeGa_€L976). dc." Pharm. Pharmae- , PT Nei Se 


Boemech Jt ls Gucalicins a)P jd. (t97o) ein AppI. Phystol’, ot ul. 
62-66. 


Biotec. skvike weha bine. vis yo Brodie gk .B. (1970). AmA J aePhysmol. , 
218 (2), 596-599. 


Fostewsun.N- .G1900)s 3 ue Pharm. .Bhanmacn 123 .189-191 . 
Roster wet C1ICo Awe. wean. PBhanmac. 4. 1¢,p¢.-12. 
Beye Lt?) tr narmeacolLogy a, Lo 529-525, 


eo week cad, Wie We, cbent, R.Va, Lubin, R.L.. 6 Wells, H.S./(1952). 
dy bep Clin= Med =) 40, 664-673. 


Cold yin. Kcos lore Cor eens Yuaelecec (1972). ci. ADDL Physiol... 
SCS OEE De 


Greene, M. € Widdicombpe, J.G. (1906). J. Physiol., £86, 363-381. 
GUuiPe ie el. GC eMeCNGil ak. S . (1969). Thorax, eae 613-615. 


Guyton, A.C. (1971). Textbook of Medical Physiology, 4th ed., pp. 456-479, 
W.Beisaunders Co., Philadelphia, Pa. 


Hawiciais.» Dak a 6iSeeuld.. HO. (19519 pei Pharmac..406, 682-690. 


Holgate, Jie & Wapner, B:T. (1960). |Brs J .ePharmac., 155)562-566. 


sate ait 


" 3 M ry ia t m 


| 18 th gen inetd abseil? to) 
Une a AE pepsctay 
4 iy hee hie: i a 


Kale ae Laan 


ie ney il ee a 
ry, gee | Ba vgple 


eye th) 
nt y fh ae ae Mi 
hale “iB i é ital 4 se) at a 
. . a 


96 


James, G.W.L. (1969). J. Pharm. Pharmac., 21, 379-386. 


Just, H. € Stein, U. (1969). Zeitschr. Kreislaufforsch., 58(9), 
925-936. 


Karezewski, W. & Widdicombe, J.G. (1969a). J. Physiol., 201, 259-270. 
Rare 7eyski aN. Gy NCL COMpe, wince LOGO. | Cs iPhysiolie 20). uae! 


Konzett, H. & Rossler, R. (1940). Naunym-Schmiedeberg's Arch. Exp. 
Path. Phapmak.,- 195, 72-74. 


Kreutner,.W. & Sherwood, J.E. (1977). Biochem. Pharmac., 26, 951-954. 


Kukovetz, W.R. & Poch, G. (1970). Naunym-Schmiedeberg's Arch. 
Pharmak., 267, 189-194. 


Dicntensteing, UM. €& Gillespie, E. (1973). Nature, 244,.287-288. 


Roupat teres, poees Mariani, MeM. (€ Aleic.ar. (1968). Ann. Nay. Acad, 
Seu On Gabe. 24) POG NL. 


Lundholm, L., Mohme-Lundholm, E. & Svedmyr, N. (1966). Pharmac. Rev., 
oe 200r a2. 


Maengwyn-Davies, G.D. (1968). J..Pharmae. Pharmac., 20, 572-573. 


Martindale, The Extra Pharmacopoeia, 26th ed. (1972). Editor: 
N.W. Blacow, The Pharmaceutical Press: London. 


NeG i tieeGel es ldptierts oodwse, Derends, Ne G6 Hacket, Neb. (L978). 
Pre fC tin MariaG. sito U. 


WAT seo he SamoOls. beanGLooo). Anne N.i: Acad. SCi. 4600. Art. 2’, 
U42-U54., 


Mathé, Reten VOlvecer, Go & Puri, S.ke (1974)% Res... Commun. Chem: 
Path. € Pharmak., 8(4), 635-651. 


Mathé, A.A., Sohn, R.J. & Volicer, L. (1978). Pharmacology, 16, 30-36. 


Mathé, A.A., Yen, S.-S., Sohn, R. & Hedqvist, P. (1977). Biochem. 
Pharmac... 20, 101-188. 


Morn loch. MoWsme Proctor. (C.. & Rand.aM 401967). Fumi d. Pharmac. , 
Pras aoe 


MeUevinto Ph Geico eye BR. We. Clilegenevmac.., 259) -Son 


Neteugai, MD. 6 West, @.B. (1953). Br Je Pharmac., 8, 26-29. 


on 
LA, Se Rn 
BES i ie 
0 a Un a Rs by 


1a 


fo dad 
is i Aa aan 17 
r at ye r 
Ty 


} seat edi x ; acts “on 


om) 


i 
ae 
i 
f ; 
oh 
; Li 
i j 
i 
i y 
; } ; i” 
f i! 
1) ° 


97 


McNering Jent. "Barnes, R.V., Davis. Ress! Hook, J.B. C1969). 
Can. J. Physiol. Pharmacol., 47, 663-669. 


Mead, TdmuGi261)%) Physiole. Rev.., 41, 281-330. 
Meaegrde.¢ Whittenbergensed he (tobe <7 Gee. Appl. Physiol. 263-779-796. 
Meadeous € Gaensher eh AG (1 959)eeidelAppl« Physiol.) 14, a8d-83. 


Mikberss Whweo. ClLOS7).." Ine Thelhunes., Charles: C.. Thomas: Springfield, 
(‘tie 


Metis. 93.8. -ChWiddicombe,9uyGs) (1970) 2 Brivis Phanmac 4o395y 724-731. 


Miele Ge etic. ay G& Widdicompe.gd .G. (C1969). i Phyedtol a, 
206 shoo lool 


Moone gn... aucldoc). cAnn.. Neve Acadwesci.s. 150, Art \ 2. 256-260. 
Nadelgoo-%28( 1965). Med. Thorac.,) 22, 231-242. 


Made, sb.A. G97 7 )o\eAmer Se RevekRespaa Dis: 50115) (6G) } Pre g2p5e17-126. 


Nadelierd Ae, Widdicombes JG (4.962)Ce a .Physiol., 163, 13-33. 
Nedeiesdet. 5. Corn, yMceZwie So: Sheteschs Jt 6 Great yePou(1967). tela: 
inhated Particles and Vapouncs, VYol.Jil,*pp. 55-67. Editor: 


C.N. Davies, Pergamon Press: London. 


Nousiaemen; G@mee. Ammala., 1., Adraksinens M.M.€ Kokkola,; Ky (4977). 
Pharmacology, 15, 469-477. 


Nunn aelet Gt 97.7) sein syeApplied PRespiratory Physiologys, 2ndaeda; 
Butterworths: London. 


Orpaco. pei .nehand, Nato Eyre. tk. €197e)2y20. Phapme)Pharmacs}. 30, 
181=1826 


Onéeheltude, DoliglassiJeSe, Lewis, AadehGeBouhuys, |Aj1(1973)2, Nature 
New Biol., 245, 84-85. 


Srenesida, Gayoardmibws Smith, !AgPS),Gramaud, .c. ée@harpin, J. 901977). 
Amer. Rev. Resp. Dis., 115, 937-943. 


Paceereons Ry. (1959 )e GdibAllensy, A290. Bi65-17 2; 
Palmer, (NwVins. Caddie, J. € Skinner, (C./ (1974)... Br. Med. Ji, 4, 409. 
PaneioeGea chert vader (LOPS). lanGet. to. 343-349. 


Persson, €:6.A. & Ekman, M. (1976). Agents and Actions, 6(4), 389-393. 


thew ne 2 ' 


(Niet bate 


, 


& 2-5 


3 ra) AD kes at rT 
ete Tet el ¢ ie Pts ake i 


] is a 7 ag 


4 


698 ay) ae syte: 


Bay 8 eee cater tae 


4 


ae alia eis te aa Mh < tptaay 
ae | i aes te Ve EN aah 


Oe satiegnti! ol iW, i fe it | a yeas 3 . ai ties 
—_ -a LP ; ft ; es 


ie he Poy HT x ae Pe q ae bs ey See , a 
: be ’ ; y , nai oi Wt : y A Ye en ( 


i 


i ie Ah ai fh 7 7 he ‘a 7 ‘ uy is < 
i Mt a a fey if ns 7 ! i yl afin J 
git ‘e if val Ih oy 1s i a ata at (Fido : es 


mn 


ror 


bia eer 


- t th) e I - ; ¢ ‘\ . ciate “ip 


, i Bu ni “ee i be 


Naan 


aa Mi iv 


Btie 


98 


Boch, sco.) Umfahrer, W. (1976). Naunym-Schmiedeberg's Arch. Pharmak., 
293 5°257=-268. 


Popa a, Douglas, J.o., 6 Bouhuye. fe ctor) «Jd. Allergy Clin. 
Immunol., 51, 344-356. 


Porte ures + Ds + C1968) 80 Anne oN. Y Ye kead: §Se1.4°150, “Art ee, 281-291. 


PObreoieG.f., butcher. RuNaic Sutherland .wE.W. (2967 )sm Ann Neve 
ROA oC ue. MOO MRUs=7 25 


Rubin, AVA. (1963). )Angiology, 14, 74-78" 


RUDot yh, ROLE cy Taylor, Katies nosenkilde, A. (1962)%. 
jee tarmacol. Exp. lherms,. Looy sth —352. 


haat he Lalor wii. co Rot, ree CroGe) Anns Now.) head®, Sei. 
150, Art. 2, 457-460. 


Se terer gh yoo te) CVOUre UG Re, 1 S6S) at ACad « Seite 250. Arr 2, 
309-321. 


Seuneecumerdoc).: mAnn. Ni Yo Acads Gein 7 150, Art. 25 242-255. 
eberbard, Row. (1059). “Js Physiol yy 145. 459-472. 


EIMOUSSOM. oO nG., oVedmyD, Nay okoogh,) Bob... Andersson, KR. ¢. beng, oN.F. 
Gre ry Scand) J Resp. /DiSe. 0058 227.230. 


Snedecor, G.W. (1967). In: Statistical Methods. Iowa State College 
Press: Ames, lowa. 


Somlyo, A.P. & Somlyo, A.V. (1970). In: Airway Dynamics, Physiology 
ancy Pnarniacology,. pp..209-228." Editors” A. Bouhuys,; Chanies c- 
Thomass) Sprinctieid. LL. 


Some, icon posarhar sli. 6 Keltz He? (uo7s)., J. Appa. Physiol. ; 
34(5), 624-627. 


Sutherland, H.W. Robuson, G.A. & Butcher; R.W. (1968). Circulation, 
o1, 279-306. 


SyMCNOWicCa, wow  MOPduba,, C2A. CES6S).  2Ann. N.Y. Acad: /Se1.. 150, 
AG 253 2H oe 


Tebockmicw. lle enoulbenkian 7) fenGroGe ie Ann..Niy Acad: Sei.., 
1305. AYE. 252 204-216. 


DUgker sy hele arcane 4.5. (1976). a ePaaem.. Pharmac, 265, 293-001. 


Weiss, B. fe) Hait., Wm. We (1977). Ann. Rev. (Pharmac. Toxicol., 17, 
4Uu4-U77, 


AE iy ROR ba dah 


“agi 
‘ Ny " rr 
; | ‘ ‘a me Pty ae " vn 
44 mt | eae i ‘A 
i ih 9.4 
a iy “ f 
ge ONE at ABE " oi 
ees otis 


" aba PARC Aa ee 
tas a 


1 
qi 
; 


a 


| veneers) ak gz to Bact sie’ O08 Bg 
oF a Oy | Re ae eae i 6 ‘ taeonath: La fs 


A | } i as iw y | he al 
iM toes) 3) 4h comet. ie i Ng eke i 8 ieee id . 
bit | ettne of «vl ’ ae vn pean 


’ aos rie a ia 5 fs rs : ‘ bot taf a 


} ‘ mn a hy | ce ‘4 > sm ia Mi th peal oe a 
Hato! b aay nsf Brest ‘neil grit ioe el scone Me A ‘outae a | “act “set 
"ORME sail e BCU ahh: add | : 


\ | yy f he 4 i | a BN Lh by | f Ait 4 ‘ i | ; : 
wine awry ik Z t ‘ ou sae > ody (ay by Ms tt of ul oe se rm A 


AS OA oo ; i , : a, , by | nat 
* ies 
‘fame 


ackse cowl (2908) wea hte * ry sooth 


rer ee eee Me gh 
hi" > a yee oe ey 
} t hn aa) , en 


Bes ee é ile 


Weyer, E.M. (Editor-in-Chief) (1968). 
Riel et LOL Hoy. 


Ann. 


N.Y. Acad. Sern, 250, 


Niadiconbe, JG. (1963). sPhysiols Rev nga. 2-37. 


Widdicombe, J.G. & Nadel, J.A. (1963). 
681-686. 


Jo Appl. Physiol. 12, 


og 


: - ) 
ads Wal 
any ee}, i 


, 
7 


b : ' i _ ; ‘ee ( VV ‘ ‘ fl 
a, re ‘ F r Aly 


m ‘4h 


, 
= 
j 
Wo i 
i 0 
iti 
i 
‘ 
yh 
Ac i 
f i 
at 
an 
} 7 
i 


100 


APPENDIX © 


Chemicals, Drugs and Solutzonseror, Part | 


jase CHEMICALS AND SUPPLIER 


Calcium chloride, Fisher, ACS 

Dextrose, Fisher, ACS 

Magnesium sulfate, Fisher, ACS 

Potassium chloride, Baker, A.R. 

Potassium phosphate monobasic, Fisher, ACS 
Sodium bicarbonate, Baker, A.R. 

Sodium carbonate, Fisher, ACS 


Sodium chloride, Fisher, ACS 


De DRUGS AND SUPPLIER (Structures shown in Appendix 3 or text) 


Acetyl-8-methylcholine chloride, Aldrich 
Aminophylline injection, Glaxo 

Acetylsalicylic acid (Aspirin), Mallinckrodt 

Atropine sulfate, BDH 

Diazoxide injection, Schering 

Heparin sodium injection, BDH 

Histamine phosphate, Fisher 

5-Hydroxytryptamine creatinine sulfate complex, Sigma 
Imidazole, Raylo 

Indomethacin, Sigma 


Isopropylnoradrenaline sulfate, Fluka 


Pe, he 
a 


| | A a i one | Neon conse soefoaen bs 


“a, 5: racial sont 


8 
> ie = 


| ~ ie he ory. 
thereto Sea sfesgieon) bi vo Laatyaens 


= 
i 
\ Wy K 
’ ; i 
nY : 
f 
‘ f 
4 (i 1 
nat , } ¥ 
‘ hy wi 
1 ih tt ) 


1Q1 


Mepyramine maleate, Poulenc 

Pancuronium bromide injection, Organon 
Propranolol hydrochloride injection, Ayerst 
Salbutamol sulfate, Allen & Hanburys 

Sodium pentobarbital injection, Abbott 


Xylocaine hydrochloride injection, Astra 


ca KREBS SOLUTION 


Krebs solution (Edinburgh Staff, 1968) of the following composition 
(o/) orentacis S29 KCl 0. 35eiGaCls 20s 02375 KHAPOis. C1637 MeSOy,, 
0.29; NaHCO3, 2.1; Dextrase, 2, was prepared by dissolving the sodium 
bicarbonate and then adding the remaining salts except calcium chloride. 
Calcium chloride was added last to avoid precipitation of calcium 


carbonate. 


is DRUG SOLUTIONS 
sig DIAZOXIDE 


For in vitro experiments, 0.2 ml of diazoxide injection, 
Hyperstat = » was diluted to a final volume of 10 ml with Krebs 
solution. The diazoxide concentration of this solution was 
3 mg/ml; attempts to prepare stronger solutions resulted in 
precipitation. Solutions of 3 mg/ml strength would also precipi- 
tate after approximately 45 minutes. Therefore, solutions were 
used within 30 minutes of preparation or discarded. Hyperstat R 


was used undiluted for in vivo experiments. 
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STOCK SOLUTIONS 


aie Indomethacin 


Indomethacin was dissolved in an equimolar solution of sodium 
carbonate in distilled water to give a final concentration of 
indomethacin equal to 2 mg/ml. This stock solution was diluted 


with equal parts of normal saline before use. 


be Pancuronium Bromide 


A stock solution of pancuronium bromide, 0.2 mg/ml, was 
prepared by a 1:10 dilution of pancuronium bromide injection, 
Pavulon 8, with normal saline. The solution was not further 


diluted before use. 


or. Mepyramine Maleate 


Bed, 108° % solution of mepyramine in distilled water was 
prepared. Prior to injection, the solution was diluted 1:3 with 


normal saline. 


d. Saline 


i. Normal Saline 
Normal saline was prepared by dissolving sodium chloride 


ity Gistil led water to a final concentration of 0.93. 


ii. Heparinized Saline 
Heparinized saline was prepared by adding sodium heparin 
injection to normal saline to produce a final concentration 


of 100 1.0. heparin/ml. 
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The remaining drugs used in these experiments were dissolved 
in Krebs solution or normal saline at the beginning of each 
experiment. Because of its instability, isopropylnoradrenaline 


was prepared just prior to each dose given. 
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APPENDIX 3 


Structures of drugs used in experiments and not shown in text 
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This section of this thesis is concerned with the influence of 
hexamethonium (Cg) on the binding of agonists to the muscarinic receptor 
of acetylcholine (ACh). In this introduction, various theories of drug- 
receptor interactions and methods of calculating the binding of drugs to 
their receptors will be discussed. Interactions at the muscarinic 
receptor for acetylcholine will be stressed and a rationale for these 
investigations provided. 

Structurally specific drugs are believed to exert their pharmaco- 
logical effects only after combining with a particular cellular component 
(e.g. Goldstein, Aronow & Kalman, 1969; Korolkovas, 1970). The cellular 
component which combines with the drug is referred to as the drug 
receptor. The structure of the drug must be highly complementary to 
that of the receptor before binding will occur and a drug-receptor 
complex is formed. The formation of the complex is governed by the law 
of mass action (Clark, 1937), and can be described by the following 


reversible equation: 


pee ae eeniet ay [oR een Ee (6) 
ko 
where D is the drug; R is the receptor; DR is the drug-receptor complex; 
Ky, end k> are the torward and reverse rate constants, respectively; E is 
the pharmacological” effect of the dpugs and ry, is the maximal effect 
possible. 
The ratio of kj/kz is defined as the affinity constant (K,p,) of 


the drug, and its reciprocal is defined as the dissociation constant 


(Kp) of the drug. Thus, either Karr or Kp can be used as an index of 


“$8. his: ay ih We are 


ot yt iene com La vee 
' ; i y i nf i 


‘oxqocem-aunl sia re wig Gen ; 


mA “i serena, ah himidd uit 9) 


CH aga. eh CHR marten a 


jets, rai) apa sere oi at an hh one + a a ah aaa, * a oan 


eit ‘ qievs i rongaan ‘ stanton hore neces, ‘pat 


4 


/ 1 I, 
6 m hy y 4 4 ¥ ei Pee 
in (thai baad site very ay 
aia 
ie F nb 
De 7 
bi i 
ny hy 
\ A it a 
ih i Paap 
ri ay ‘ } 
Vile ama eee 
i gl ; ‘4 
oe Th ae x 
Fat ah 


t6 


the binding of a drug to its receptor. It should be noted that more 
than one step may be required between the formation of the drug-receptor 
complex, DR, and the occurrence of the pharmacological effect of the 
drug. A variety of theories have been proposed to try and define the 
relationship between the formation of the DR and the production of the 
pharmacological response (e.g. Furchgott, 1964; Van Den Brink, 1977). 
The Occupation Theory, Rate Theory, Rang's two-state model, and a multi- 


state model will be briefly reviewed in this introduction. 


A. OCCUPATION THEORY 


The Occupation Theory of drug action was based on the assumption 
that the magnitude of the pharmacological effect was proportional to the 
fraction of receptors occupied by the drug, with the maximal response 
occurring when all the receptors were occupied (Clark, 1937). As the 
interaction of drug and receptor follows the law of mass action, the 


binding of the drug to the receptor is defined by the term: 


where k,; is the forward rate constant; [p] is the concentration of the 
drug; and y is the fraction of receptors already bound to the drug. 
Similarly, the dissociation of the drug-receptor complex is defined 


by the term: 


koy 


where ky is the reverse rate constant; and y again refers to the 


fraction of receptors bound to the drug. 
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At equilibrium, the rate at which the drug binds to the receptor 


is equal to the rate at which it leaves the receptor and, thus, 


be Clay) Seek Dd i) 


Rearrangement of equation 7 results in the following equation: 


ogee, eel) om 4 Ks (8) 


When 50% of the receptors are occupied, y = 0.5 and equation 8 
simplifies to Kp = [D]. As the response is assumed to be proportional 


to the fraction of receptors occupied, lay) will also equal 0.5 and 


x 
Kppcee therefore be’meashred as the concentration of drug which 

producess ty 2 or es cr Thus, the smaller the Kp (or the larger the 
Kapp)> the smaller the amount of drug required to produce a response, 
and the more active is the agonist. 

The only requirement for drug action, according to this theory, is 
that the receptor must be occupied by the drug. The existence of 
partial agonists, antagonists, the phenomenon of desensitization or fade 
could not be explained. The introduction of the concepts of intrinsic 
activity (Ariens, 1954) and efficacy (Stephenson, 1956) developed the 
Occupancy Theory so that it provided an explanation for the fact that 
various drug-receptor complexes possessed unequal abilities to initiate 
pharmacological effects. Antagonists could then be described as drugs 
which possessed affinity for the receptor but, once bound, were unable 
to initiate a response. Conversely, not all agonists would have to 


occupy all of the receptors to produce a maximal response. In addition, 


because E,ax/2 could presumably be obtained by some agonists without 
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one-half of the receptors being occupied; the value of K, was no longer 


D 
equal to the concentration of drug producing the half-maximal response. 


A method of calculating K,, based on the idea of efficacy, was reported 


D? 
by Furchgott (1966) and will be discussed later. 

However, even with the introduction of these concepts, the 
Occupancy Theory was still limited by ats inability to explain ‘why one 
drug was an antagonist while another drug, closely related in structure 
to the first, was an antagonist or partial agonist. The phenomenon of 


desensitization also remained unexplained. Both of these limitations 


were overcome to some extent by the Rate Theory proposed by Paton (1961). 


Be RATE THEORY 


According to the Rate Theory of drug action, the pharmacological 
effect is initiated by the combination of drug and receptor rather than 
by the drug-receptor complex (Paton, 1961). The drug-receptor inter- 
action is again assumed to follow the law of mass action and, therefore, 
the activity of a given drug is determined primarily by its ability to 
dissociate from the receptor. A potent agonist can thus be described 
as a drug that dissociates quickly, thus facilitating many interactions 
in a given time, whereas a weak agonist or antagonist dissociates much 
more slowly. According to this theory, fade is a natural consequence 
of the occupation of some receptors by the drug. The major limitation 
of this theory was its lack of experimental support in any biological 
system other than the ileum (e.g. Waud, 1968). Also, Roberts and 
Stephenson (1976), using guinea-pig ileum, reported that the actions of 


some antagonists did not conform to the predictions of Rate Theory. 
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Another model which also provides an explanation for antagonism and 
desensitization is the Metaphilic Theory or Two-State Model described 


by Rang & Ritter (1970). 


Ge TWO-STATE MODEL 


Rang & Ritter (1970) suggested that the drug receptor was able to 
exist in two conformations. One conformer, denoted as R, is the form 
which combines with the drug. The second conformer, denoted as R', is 
a desensitized form of the receptor. Once the drug-receptor complex 
has been formed, some of the receptors may undergo a conformational 
change to the desensitized form (see Figure 31). Interconversions 
between R and R' are assumed to occur much more slowly than either 
the association or the dissociation of drug and receptor. Thus, the 
magnitude of pharmacological response, the amount of desensitization, 
or the amount of antagonism can be explained by the relative affinities 
of the drug to R and R'. 

Rang (1973) also discussed a two-state model in which the receptor 
existed in either its normal 'resting' state or in an ‘activated' 
conformation. Again, the action of a drug depended on its relative 
affinities for the two forms and how it shifted the original equili- 
brium between them. Other cyclic models, in which the receptor can 
exist in more than two conformations, have also been proposed (e.g. 


Gage, 1976). 
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FIGURE 32. Multi-state model. 
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Di MULTI-STATE MODEL 


A multi-state model which incorporates both of the two-state models 
mentioned above is depicted in Figure 32. 

In this model, the receptor can exist in three conformations, 
denoted as R, R', and R*, which have different affinities for the drug, 
D. R represents the normal receptor, R' represents a desensitized 
conformer with little affinity for D, and R* represents an activated 
receptor with high affinity for D. As in the two-state model, the 
activity of the drug depends on its relative binding affinities to 
each of the conformers. 

In general, two major approaches have been used to determine the 


binding affinity (Kp Ore rp) of a full agonist to its receptor: 


A 

aes From a comparison of dose-response curves obtained before and 
after irreversible blockade of a portion of the total receptors 
CRunchigoit .. \96osaburchoott 6. curszZiivn,.1967 ),. and 

ae From measurements of the binding or displacement of labelled 
drugs, usually using tissue homogenates (Gill & Rang, 1966; see 
Review, Birdsall § Hulme, 1976). 


The two methods of calculating K, used in these investigations 


D 
(Furchgott, 1966; Parker & Waud, 1971) are of the first type and will 
be discussed in detail. Both methods assume that the law of mass 
action applies to the interaction between drug and receptor, that 
equal biological responses correspond to equal biological stimuli or 


receptor activity, and that the concentration of agonist producing a 


particular response is the same as the concentration of agonist in the 
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bathing solution, that is, diffusional barriers or access limitations 


are assumed to be minimal or non-existent. 


ae METHOD DESCRIBED BY FURCHGOTT 


According to this method, the relationship between the pharma- 
cological effect and the agonist-receptor complex is described by the 
following: 


E/E, = f(s) =£f(elRA]) = fle Rp-LRAI/ERp]) = fleLRA]/[Re]) (2) 


A definition of terms is provided in Table 10. 
From the law of mass action, [RA]/LRe] is defined as [a]/(kKp+[a]). 


Therefore, 
E/E, = £(S) = f(e[Rp]-[A]/(kp+[A])) = fCe-LA]/(%p+LA])) (10) 


Similarly, after irreversible inactivation of a portion (1-q) of Rp, 
the relationship between the effect and the agonist-receptor complex 


can be described by: 
E/E, = £(S")esette(qhRr Jala’ Chprial l)p=attqes( ae Alitha'])) =) 


For equal responses obtained before and after the irreversible blockade, 


equation 2 can be set equal to equation 3 and one can obtain: 
Tp CMe =i cavenl +" (log) Che) 


The plot of 1/(A) against 1(A') should therefore produce a straight line 


with a slope of 1/q and an intercept equal to (1-q)/qKy. The value of 
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TABLE 10 


Definition of Terms Used by Furchgott (1966) 


En - pharmacological effect or measured response to 
agonist, A 

Em - Maximal response or effect possible 

S - biological stimulus, described by Stephenson (1956), 


arbitrarily defined as 1 when E,/E, = 0.5. 


E S ItPinsic etticacwmutdimensions of 2/ (i) SeoveCRA) 

a - efficacy described by Stephenson (1956). e = e(Rp). 

(Rr) - initial concentration of total active receptors for A 

(R) - concentration of unbound receptors 

(RA) - concentration of bound receptors or agonist-receptor 
complex 

(RA)/(Rp) - fraction of active receptors bound to agonist 

(A) - concentration of unbound A in region of receptors 


(assumed to be concentration in bath) 
K - dissociation constant of RA with dimensions of A 
qd a Pact 4 ON On (Rp) remaining in active form after 
irreversible inactivation of 1-q receptors 
Eq's Em's S's - equivalent to Eas Em> § and (A), respectively, 


following reduction of (Rp) to q(Rr) 
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Ky can be calculated as (slope-1)/intercept, and the fraction of 
receptors still active (q) can be calculated as 1/slope. 

In, the ey ea by Parker & Waud (1971), the double 
recaprocal plot of 1/(A)vagainst:41/(A") issonlyeused to providelan 
estimate of Kp. The estimate obtained is then used to calculate the 


value of Kp from the non-transformed data. 


Pe METHOD DESCRIBED BY PARKER & WAUD 


The method described by Parker & Waud (1971) is a computerized 
method and therefore does not require that the data be transformed to a 
linear form in order to conveniently determine binding parameters. Data 
from a dose-response curve obtained before occlusion of some of the 
receptors is fitted to a logistic function using an iterative least 
squares technique to produce a control curve. Next, responses obtained 
after a fraction of the receptors have been inactivated are matched to 
corresponding points on the control curve. The corresponding values of 
Pie jeand 1/PA' | ape then fit to alstraight line. and Kp is estimated 
as the slope/intercept. The estimated value is then used to begin the 


iterative fit of A and A' to a hyperbolic function of the form, 


At 
Rear 
The final hyperbolic parameters of M and K are used to calculate the 
Kp and q. 
As receptors are inactivated, a progressive shift of the dose- 


response curve to the right is observed before any depression of the 
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maximal response. According to the methods of Furchgott (1966) and 

Parker §& Waud (1971), this shift indicates a reduction of a receptor 
meserve. Values. of q can be used) to determine the fraction of total 
receptors required to produce a maximal response as the magnitude of 
the shift of the dose-response curve is assumed to be related to the 
number of inactivated receptors. 

Kenakin & Cook (1976) questioned the existence of spare histamine 
receptors and offered two alternative explanations for the progressive 
shift of dose-response curves and the subsequent reduction of the 
maximal response. They suggested that alkylation of a regulatory site 
of the receptor could produce a conformational change resulting in 
decreased affinity for the agonist and therefore a shift of the dose- 
response curve, whereas alkylation at a separate site produced a 
reduction in the maximal response. This type of mechanism would be 
compatible with the two-state or multi-state models of drug-receptor 
interactions. They also suggested that a quasi-competitive antagonism 
which could arise from alkylation of a site removed from the receptor, 
could explain such results. 

Earlier, Moran & Triggle (1970) had questioned the existence of 
spare receptors in adrenergic and cholinergic systems. They obtained 
data which suggested that the muscarinic receptor of acetylcholine 
possessed at least two sites, and concluded that allosteric mechanisms, 
rather than spare receptors, were responsible for the shift in dose- 
response curves. 

Other workers using smooth muscle preparations also reported that 


the binding of agonists to the muscarinic receptor did not appear to 
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follow the law of mass action for a single receptor or binding site 
(Burgen & Spero, 1968, 1970; Sastry & Cheng, 1972; Young, 1974; Haigh & 
oun. LO7ssTay kor; nS: & Young: Wlevsom Although diffusional 
barriers may account for some of the discrepancy (Rang, 1966; Thron & 
Waud, 1968; Roberts & Stephenson, 1974), such results also suggest 
either a heterogeneous receptor population or a population of receptors 
containing more than one binding site (Burgen § Spero, 1968, 1970; 
pastry, seCheng,11972>.Young,, 1974 Haigh Yours, 1975) Ae Im contrast, 
the binding of antagonists at the muscarinic receptor for acetylcholine 
has been reported to conform to the law of mass action (Birdsall & 
Hulme, 1976). As the antagonists would be subject to the same access 
limitations as agonists, these data suggest that barriers to diffusion 
were not an important factor in the deviations from the law of mass 
action noted for the binding of agonists. Results obtained from 
investigation of the binding parameters of agonists using labelled 
compounds (approach 2) also suggest more than one binding component 

at the muscarinic receptor of acetylcholine (Burgen & Hiley, 1974; 
Birdsall §& Hulme, 1976; Aronstam, Hoss & Abood, 1977; Chang &€ Bock, 
1977; Kloog & Sokolovsky, 1977). All of these results appear to be 
compatible with the recent conclusions of Gupta, Moran §& Triggle 
(1976) who suggest that the binding of agonists at the muscarinic 
receptor involves both a recognition site and an allosteric site. 
Binding of an antagonist to the recognition site eliminates receptors 
available for agonists and therefore causes a depression of the maximal 
response. In contrast, binding at the allosteric site produces con- 


formational changes and, therefore, results in a changed affinity for 
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agonists. Because the affinity for the agonist is changed, a different 
amount of agonist is required to produce the same response, and a shift 
in the Se curve can be observed. 

Furchgott (1978) reviewed the precautions which must be exercised 
when determining binding parameters of drugs which are capable of 
interacting with more than one distinct type of receptor. Sastry §& 
Cheng (1972) had earlier emphasized the necessity of not only blocking 
the extraneous receptors, but of establishing that the agent used for 
such a blockade had no effect on the affinity of an agonist to the 
receptors being examined. It is generally accepted that acetylcholine 
binds to two. distinet groups .of.receptors: -muscarinie and nicotinic. 
Certain agonists (e.g. acetylcholine or carbachol) may act on both 
nicotinic and muscarinic receptors. For example, Sastry & Cheng (1972) 
reported equal values for the Kp of acetylcholine for muscarinic and 
nicotinic receptors. In contrast, cholinergic antagonists appear to be 
selective for either the muscarinic or the nicotinic type of receptor. 
For example, hexamethonium (Cg), a bis-quaternary ammonium compound, 
possesses (nicotinic) ganglionic blocking activity, whereas atropine 
selectively inhibits muscarinic receptors. 

Acetylcholine also binds to the enzyme acetylcholinesterase (AChE) 
which shows many similarities to muscarinic receptors (Belleau, 1964; 
Beckett, 1967; Ehrenpreis, 1967; Wurzel, 1967; Belleau, 1970; Podleski 
& Changeux, 1970). AChE is a membrane-bound enzyme which has been 
reported to exhibit actions of a "typical allosteric" enzyme (Changeux, 
i966. Belleau. 1970; Kitz € Braswell.74970; Paviic, 2975). ‘The 


activity of AChE has been observed to be affected by both monoquaternary 
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(muscarinic) agonists and bis-quaternary (nicotinic) agents (Belleau, 
Povo). in particular, Ce has been reported to increase the rate at 
which AChE hydrolyzes acetylcholine (Kensler & Elsner, 1951; Roufogalis 
& Thomas, 1969). A high degree of structural specificity was required 
to produce a potentiation of AChE activity, and it was concluded that 
Cg produced its effects through an allosteric mechanism at a site 
peripheral to the catalytic site of the enzyme (Roufogalis & Thomas, 
19683 1969; Belleau, 1970; Roufogalis € Wickson, 1975). 

Hexamethonium is often added to the bathing solution during the 
determination of the binding parameters of various agonists and 
antagonists to the muscarinic receptor of acetylcholine (Abramson, 
Barlow, Mustafa & Stephenson, 1969; Sastry & Cheng, 1972; Abramson, 
Barlow, Franks & Pearson, 1974; Barlow, 1973; Barlow, 1975; Barlow & 
Cassy, 1975; Barlow, Scott € Stephenson, 1963; Barlow, Scott! é Stephenson, 
1967; Mackay, 1966; Parker, 1972; Roberts § Stephenson, 1976). However, 
there are few reports of the influence of Cg on such parameters and 
those that do exist are inconclusive (Barlow, Franks & Pearson, 1972; 
Sastry & Cheng, 1972; Barlow, Berry, Glenton, Nikolaou § Soh, 1976). 
Because of this, and in view of its effects on AChE, this study was 
undertaken to determine the effect of hexamethonium on the binding of 
various agonists to the muscarinic receptor for acetylcholine. The 
possible influence of DMPP, trimethaphan, nicotine, and mecamylamine 
was also investigated in order to determine the specificity of any 


effects that might be observed. 
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These investigations consist of two series of experiments which 
will be discussed separately. However, the isolation and preparation 
of tissues was the sane for both series, so will be described first. 

Random bred, male guinea pigs weighing between 250-1000 g were 
starved overnight. An animal was stunned by placing it in an atmosphere 
of carbon dioxide which had been prepared by placing dry ice in the 
bottom of a dessicator. Once stunned, the carotid arteries were 
severed and the animal bled to death. The small intestine was excised 
from a point approximately 10 cm from the ileocecal junction. Strips 
of longitudinal muscle were obtained from 10-20 cm lengths of whole 
ileum by a method similar to that described by Paton & Zar (1968). 

The longitudinal muscle layer was separated from the underlying tissue 
by gently scraping a piece of moistened cotton or Q-tip over the entire 
surface of the piece of ileum and then lifting it free. Although this 
method yields a relatively non-frayed tissue, there is a stronger 
possibility of including some of the underlying circular muscle. The 
muscle strips were then cut and folded in half to form a doubled 
Breparation ranging in Length from. 5 to 2.2 cme G222) 20 06S... 
n=44) in order to increase the force of contraction. Two preparations 
were tied to a glass tissue holder and placed in a 7 ml tissue bath 
containing Krebs solution (Part I, Chapter 2, Appendix 1-c) gassed 

with 5% CO» / 95% O» and maintained at 37°C. The free end of the tissue 
was attached to a Grass Force Displacement Transducer Model FTO3C 
connected to a Grass Model 7D Polygraph. An initial resting tension 


of 500 mg was applied to each preparation. 
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The tissues were allowed to equilibrate for one hour and then 
drugs were injected into the bath according to the two minute cycle 
shown in Figure 33. Tissues were washed according to the cycle during 
equilibration periods. Washes were automated and consisted of 30 ml of 
prewarmed Krebs solution pumped from the bottom of the tissue bath. 

Drugs and chemicals used in these experiments are listed in 
Appendix 4, All drugs used in these experiments were dissolved in 
Krebs solution. Those injected into the tissue baths were added in 


volumes < 0.4 ml. 


se SERIES A EXPERIMENTS 


In this series of experiments the Kp's of acetylcholine and 
carbachol were determined using unpaired preparations. Tissues bathed 
in a normal Krebs solution served as controls. Test preparations were 
those in which the Krebs solution contained one of the ganglionic 
blocking agents listed in Table 11. 

Nicotine, trimethaphan, DMPP, and mecamylamine represent different 
chemical classes and were included to determine if any differences 
observed were specific to hexamethonium (see Figure 34). 

After the tissues had equilibrated for one hour, a single dose of 
either acetylcholine or carbachol was repeated until uniform responses 
were obtained. Dose-response curves to both agonists were then obtained 
with three 'rest-cycles' allowed before and after each new agonist was 
tested. During the 'rest-cycles' no drug was injected but the tissues 


were washed as usual. After the last rest-cycle, the tissues were 
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TABLES 


Ganglionic Blocking Agents Used in Series A Experiments 


Agent Concentration 
Hexamethonium chloride* dx 20s eM 

i * Die 10g tM 

i" * ix LOM 
Nicotine dihydrochloride Ce aa gh! 
Trimethaphan camphorsulfonate* 3.4 x 1075 M 


i ‘ Lipset ht 
i vs ce cite ean 
DMPP * ORC eae gh 
Mecamylamine hydrochloride 9.8-x BO? iM 


" 4.9 x 1079 M 
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FIGURE 34. Ganglionic blocking agents. 
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incubated for 10 min in Krebs solution containing phenoxybenzamine (POB), 
1x10 + M. In this series of experiments, the length of time that the 
POB had been dissolved before the incubation was not controlled. After 
the 10 minute incubation, the tissues were equilibrated for 20 min 

or until a single dose of agonist again yielded uniform responses. A 
second dose-response curve for each agonist was then obtained. 

Responses to 0.2 or 0.4 ml of 10% KCl in Krebs solution were also 
determined before and after incubation with POB in most of the tissues. 
At least four tissues were tested for each treatment. 

The methods used to determine the Kpy's from this data were also 


used in Series B and will be discussed under the heading 'Calculations'. 


Be SERIES B EXPERIMENTS 


These experiments were primarily undertaken to try and reduce the 
variation observed in Series A (see Results, chapter 3). Acetyl-§8- 
methylcholine was used in place of acetylcholine as it is only slowly 
hydrolyzed by AChE. Paired preparations were used in order to reduce 
the influence of interanimal variation. To try and ensure a relatively 
constant concentration of the active aziridinium ion, the time between 
the dissolution of the POB and the incubation of the tissues was also 
Gontrolved'(32v6tmin + 1:2 S.EPprna=th)eerAlsos thetsensitivity 
(Furchgott, 1966) for responses which were 0.20 of the maximum response 
were determined before and after POB-blockade in both the test and the 
control tissues. The experiments were performed in the same manner as 
Series A. The ganglionic blockers used in this series are denoted by 


an asterisk im Table 11. 


yt te cinta a em 


o ies Sesaloaih ; a 


i iy iN PA 


he ae ite! ; go ie i 


OD Sears Pints, Nisa 


Hada hitnigh 6 A Be A 


al niegatn, he Set ay boa mth 


he Wy % be. i * 
‘4 ut 


i 


waa, ee jhe i ae 


» 
\ ni 


dale th f sia - wit “dab ton wit he voloetngage! 


; hia ty v 
- nh. na uy ne 


it it ation i 


eb yee 


136 


oe CALCULATIONS 


Data obtained from the unpaired preparations was used to determine 
the dissociation constant for the agonist being tested and the fraction 
of receptors blocked with POB according to the method described by 
Parker & Waud (1971). The calculations required for this method were 
done using a Digital Equipment Corporation Mini-computer, Model PDP-11. 
The program used for these calculations is included in Appendix 5. 
This method was also used to analyze the dose-response curves obtained 
with the paired preparations. Initially, each pair of dose-response 
curves, obtained before and after POB-blockade, was analyzed individually. 

However, because of the large variation observed with some of the 
data (see Results, chapter 3), the method of Parker & Waud (1971) was 
subsequently applied to: 
eae Pairs of dose-response curves obtained by averaging several sets 

of data, and 
ae Responses from several sets of data used simultaneously. 

The data was also analyzed using the method described by Furchgott (1966). 

The shift of the dose-response curves was measured when Ryne was 
Rnax/ 2: 

Tissue sensitivity was measured before and after POB-blockade when 
the responses were 0.2 of the maximal response. The sensitivity of the 
tissue for a given agonist was defined as the reciprocal of the concen- 
tration of agonist required to produce the response (Furchgott, 1966). 

Changes were judged to be statistically significant on the basis 


of the standard error of the mean difference (Snedecor, 1967). 


| vu er 
| bene + enh d-ao ‘ate b bao aie vb 
ae Md i iN Riis ae 


t os Ye 


| nt Dy tlie nat “bole 


q A si) (hi 
Pinr 


tide on. tab boveawadie dabvalrey. \“ 


ee 8 ten) basi * ‘whet tho. both: ty tak eran ad | 


‘ aeEadt ey stag, ne sen 


ere ia ' 
I nt, ie i, 


Aa 


ean utile a\e is 4, oaty bas ® Lal seri saan te a ‘rte “ ( ‘Me q 


ne HERING hy ge: itn at 
2 eee Ye pe op: ev ee a 
A : ; : i] si ; ‘ 


anon dt ho sasereiveties anata 


Mabey 


CED r share pea z 


Miffergncen' wee 
Rather thas 
wy = ? 


' 
ny) 
7. rempomibe ee 7) 


keane 


os Lat iF. o< 


patos tis e. Bre 


> 


inte eulmat vartation 


el Oh eal 
. 7 

fal 

= i o4 


: th: 
a quite al 
=9 i t 


‘ 
val 
f. 


RY OTe 
; 4 
PA wie 
’ my 
. i at 
¢ iy 
yi : 
a 
, 
’ La \ 
‘ b, ¢ =i a 
iT Py 7 
7 } 
Wie fF j y Wail » ; HM 
ficancly alee a)” eh new to 
ee 
ch ist OF the dod twaeruy) view 
RESULTS 
Ls 
= y| f rv @8-«f se! ‘ 4? pee wa; pit 3 ja 
nie A obs a ie s & Lead 
‘ ' iS ‘ eb 
Gi 4 Pe vi a ] 
1 WRG) °rw (bed wht. w& geo lad 
aver ig 
i | 
hem (1s, ACHOLES wie Cassa, ;. . Wy 
big ad ft 6¢h0e8 gone >a! ‘ 
Paty | 
27 eh ver lar mf of ehae he 
> 2 a 
aay thd iris. ja bees Sky is 7 
‘ : 
» P \ 
ee ey ee 
uj oy 
> yp 
, Ty a a 
had Ch y 
et. ‘ 
bi “ee ih, Soc ae I 
[ n 
ob ted Wl. i 
iy 
, 


‘ 


We | i, 
ie ul 
| 


eae 


ive 


138 


The results of these investigations will be presented under four 
headings: 
ac shift of the dose-response curve; 
Qe fraction of receptors blocked by POB; 
cr values of the dissociation constants: 
a. unpaired tissues 
b. paired tissues; and 


4, tissue sensitivity. 


Pee ctl. Om THE DOSE-RESPONSE CURVE 


Incubation with POB did not significantly alter the response to 
KCl, but.did.. produce a shift to the right. of the dose-response curves 
of acetylcholine, carbachol, and acetyl-8-methylcholine. The magnitude 
of the shifts of the dose-response curves observed in the unpaired 
tissues are summarized in Table 12. The magnitude of the shift was 
significantly altered when the tissues were treated with a ganglionic 
blocking agent, particularly when the agonist was carbachol. However, 
the variation in the data was very high and it seemed possible that the 
differences were due to interanimal variation or some other factor 
rather than the difference between the drugs used. Shifts of the dose- 
response curves of carbachol and acetyl-8-methylcholine, obtained with 
paired tissues, are summarized in Table 13. Although the variation 
remained large, no significant differences were found, suggesting that 
interanimal variation produced the differences observed with the unpaired 


data. 
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TAREE a2 


Shifts! of Dose-Response Curves in Unpaired Tissues 


Treatment Agonist 
Acetylcholine Carbachol 
Control t.86 ie ORES) WeGSs E008. GU) 
CA as, 105 2M 127s Oem CH) 1.36%%+ 0.02 (4) 
Caer 10at M 1.98 4, 008106) 1.49% +4 0.11 (8) 
C0? M ASUS EO OCU 1.49% + 0.09 (3) 
Nicotine, 3.2x107* M 2.06%+ 0.09 (3) 1.51%%+0.03 (4) 
Trimethaphan 3.4x107> M 1. 34st: 0518 C3} Hele dG) (1 ) 
Trimethaphan 1.7x107° M tba Om iaece)) Regetehoeee (8 Oye te) 
Trimethaphan 8.4x107© M 20s OMek aes») DIZ EO OSi (ee) 
Mecamylamine 9.8x107> M 1.58%+ 0.04 (4) 1.56%*+ 0.08 (4) 


on bogeouiee. ©: 6. Fs (1) 
Sienificantly different from cantrol, P < 0.05 
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Significantly different from control, P< 0.105 
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TABLE 13 
Shifts! of Dose-Response Curves in Paired Tissues* 
Treatment Agonist 
Carbachol Acetyl-8-methylcholine 
Conerod: Test Control Test 

Cae ots i 1. Sit cOL 05min ete Oe sn ele er OsO0n (al. f 6tr0 a1 5 
Gao 107° M tao S00 wet eos Oo Viana Ong 9 eso Omit 
Cae LO. tM SOG O10) ieee non ela) olan On te OL 7k Oso 
Cras OTM 1797 20-060 Towers. 20 Oso 18 o tongs 
*kTrimeth. 3.4x107° M VI82 270.4 Talo raOoe | Dat ore Ous DOUG ta One 
*Trimeth. 1.7x107° M 1.6 £ 0.1 Toe O06 Alter Cot ag 2 el a0 6 
DMPP** 6.3x107° M 0.46+ 0.05 0.51 + 0.06 
* Trimeth. = trimethaphan 


** Five unpaired preparations tested, see text. 
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Control preparations were not used for DMPP as tissues treated 
with this drug showed increases in Rnax aiter the POB-blockade, and 
therefore could not be analyzed by the methods used in these investiga- 


tions (see Figure 35). 


Be PRACTEON OF RECEPTORS, BLOCKEU MEY. Fos 


The percentages of receptors blocked by POB in the unpaired tissues 
were determined by the method of Parker § Waud (1971) and are summarized 
in Table 14. The results were similar to those obtained when the shifts 
of the dose-response curves were measured. All of the agents tested 
Significantly altered the fraction of receptors occluded by POB when 
carbachol was the agonist. Only three treatments (Cg 1 x Lees M, 
trimethaphan 1.7 x 107° M, and mecamylamine 9.8 x 107° M) Silonrt eantey 
altered the value obtained when acetylcholine was the agonist. 

The results obtained when the fractions of blocked receptors in 
paired tissues were determined are also similar to the results obtained 
when the shifts of dose-response curves were measured. These values 
were calculated using the method described by Furchgott (1966) and 
also by the method described by Parker & Waud (1971), and are summarized 
in Table 15. Both methods of calculation produced similar results and 
only one statistically significant difference was detected. When C¢ 
5 x 107° M was present in the bath, an increase in receptor blockade 
(p > 0.05) was detected by the method of Furchgott (1966) when acetyl- 
B-methylcholine was the agonist. However, this difference was not 
confirmed when the data was analyzed by the method described by Parker 


& Waud (1971). 
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FIGURE 35. Response to carbachol before and after POB-blockade in 
the presence of DMPP 6.3 x 107° M. 
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TABLE 14 


Percent! of Receptors Blocked in Unpaired Tissues 


Treatment Agonist 
Carbachol Acetylcholine 

Control 97.42 + 0.448 (8) OO ats bey 27 CL) 
Cede x bcs iM 92.064 0.39 (3) G2 2782 2.15 (4) 
Cros iae * iM 93.38% +4.4u (9) Oona ss C52 2G) 
Conth x: tO), * M 96059 212-05) (3) 
Nicotine 3.2x107+ M 95 Jeera Ol 2 66) 98.94 +0.1 (8) 
Trimethaphan 3.4x107° M 9840) tno, 2UPC2)} 98) ioe 120.072) 
Trimethaphan 1.7x10 5 M 90.35%*+ 0.68 (3) poo ee 3 8 C6) 
Trimethaphan 8.4x107© M Si cites ae (3 ) 

Mecamylamine 9.8x10-> M 95.22% + 0.69 (3) 96.71%*+ 0.38 (6) 
Mecamylamine 4.9x10°° M SO. 30 5a(3) C554 24-7, (3) 
Mecamylamine 2.5x107°5 M Cech am 2 I TO Ger St FEO, S64 G3) 
fs Mean + S.E. if > 2 values, otherwise mean + S.D., calculated 


according to Furchgott, 1966; n is given in parentheses. 
* Statistically ditferent: trom contvolw0.05)< ba<9 0701, 


se Statistically different from control, P<: 0.01. 
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Cs DISSOCIATION CONSTANTS - UNPAIRED TISSUES 


The dissociation constant (K)) for acetylcholine (ACh) was 
determined using the method described by Parker & Waud (1971) to 
analyze data obtained from unpaired tissues. The method was applied 
to individual pairs of dose-response curves, from before and after 
POB-blockade, and also to a pair of dose-response curves which repre- 
sented the average values for several pairs of curves. The values 
determined by these methods were in reasonable agreement with each 
other and are summarized in Table 16. The value of K, was significantly 
different from the control value in the presence of trimethaphan 
1.7 x 107° M, mecamylamine (MCA) 4.9 x 107° M and MCA 2.5 x 107° M, 
when individual pairs were analyzed. Only the difference with MCA 
4.9 x 107-9 M was detected when average values were examined. 
In general, the values calculated for the Ky of ACh are larger 
than those reported in the literature. Furchgott (1966) reported a 
value of "about 1/8 the Kp of carbachol" (which he reported as 
tit 1.7 euM- S.E. in rabbit aortic straips).) Bsactry emchene €0972) 
reported «a value of 1.08 wM + 0.21 S:.E. an the: guinea pig ileum. 
However, in these experiments no effort was made to inhibit the activity 
of acetylcholinesterase (AChE), and the values of Ky for ACh reported 
here could therefore have been affected by the activity of the enzyme. 
The values for the Kp of carbachol in unpaired tissues were 
determined with the same methods used for the ACh data and are summarized 
in Table 17. These values are in broad agreement with the literature 
(see-Table 18). Only tissnueswtreatedtwith @. 2x 107% M showed a 


statistically significant difference from control when individual pairs 
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TABLE 18 


Dissociation Constants! Reported for Carbachol 
at the Muscarinic Receptor 


Author(s) 


PuRChserth RSE. 2966 


Purehgott, R.Fs.é 
BursezZiiya., FF... L967 


Meteyer., <G.S.« i& 
Grveen,eRad.5¢ 1975 


Tissue 


rabbit stomach 


rabbit stomach 


rabbit stomach 


Payee cmretcingers Jide, isolated cells from 


SR 


ie Values determine 


pe Mean values + S. 


stomach muscularis 
of Bufo marinus 
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of dose-response curves were analyzed. Values based on the averaged 
curves suggested that several other treatments also caused changes 
in Ky> e.g. trimethaphan 3.4 x 10-2 M and MCA 9.8 x 10-2 M. However, 
variation in the data was very high and the changes were not statisti- 
Gali significant. 

The major sources of variation in the results for ACh and carbachol 
were assumed to be interanimal variation and AChE activity. For these 
reasons, subsequent experiments were performed with paired preparations. 
Also, acetyl-8-methylcholine was tested instead of ACh as it is only 
slowly hydrolyzed by AChE. Another likely source of the variation was 
the possibility of unequal concentrations of the active form of POB. 
Therefore, in the experiments with paired tissues, the time that the 
POB was dissolved and allowed to cyclize to the active aziridinium ion 
was also kept constant. The results obtained when these factors (inter- 


animal variation, AChE activity, and active POB-ion concentrations) 


were controlled are presented in the next section. 


ie DISSOCLATION CONSTANTS =) PATREBS TISSUES 


The values for the Kp of acetyl-8-methylcholine were determined by 
the method described by Furchgott (1966) and also by the two methods 
used to analyze the data from unpaired tissues. The results of these 
calculations are summarized in Table 19. Variation in the data remained 
wery high, and differences betweensccontrol and west yalucsiwere not 


Statistically signiticant. 
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The value of Ky for carbachol was calculated using the same methods 
that were used to determine the Kp for acetyl-8-methylcholine. In 
addition, data from several pairs of dose-response curves were analyzed 
simultaneously using the method of Parker & Waud (1971). The results 
obtained with each of these methods are summarized in Table 20. 


Each of the methods used to calculate the K, of carbachol produced 


D 

similar results and the values obtained in control tissues were in 

close agreement with those reported in the literature (see Table 18). 

Statistically significant differences from control values were detected 

when Cg 2 x 107+ M, Cg 4 x 107+ M, or trimethaphan 3.4 x 107° M were 

present in the bath and the values of Kp were calculated by the method 

described by Furchgott (1966). When the values of Kp were determined 

using the method described by Parker & Waud (1971), only the differences 

noted when Cg was present in the bath were statistically significant. 
When Cg was present in the bath, the value of Kp was increased 

2-4 times, depending on the method of calculation. The increase did 

not appear to be dose-related over the range of concentrations examined. 


Apparent changes in the sensitivity of the tissues to carbachol could 


account for these results and were therefore investigated. 


Bes TISSUE SENSITIVITY 


The sensitivity of the tissues was measured as the reciprocal of 
the concentration (in uM) of carbachol required to produce a response 
that was 0.02 of the maximal response (Furchgott, 1966). The measure- 
ments obtained in the control and test tissues are summarized in Table 
21. No statistically significant differences were detected before or 


after blockade with POB. 
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Sensitivity! (1/uM) of Tissues to Carbachol 


LOS 


Treatment? Before POB-blockade After POB-blockade 
Control Test Oomtrol ). Test 

CG 5x1079 h ee oun teh 1448+ 5257 Oe 0208 OL6S fb OLLg 

Cea iaiOn* 1 ah ts pe aes 11.48 + 2.56 0.444 0.5 0.42+ 0.06 

CE ah @- } V2eO bee Lo 13 V47 +°2.26 0), SUs zz 0. OG Ooo =O 08 

C6 lise O7 7 } Skies lee Oo) 505-2213 O28) ae 10) .Ole Os suShae 10) 50 

ft) Mean if four values = S.E8. 

vig No treatment produced statistically significant difference 


between control and test tissues. 
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A wide degree of variation was observed in the measurements and 
calculations done during these investigations. Interanimal variation 
appeared to be an TRpOreene factor as differences in the magnitude of 
the shift of the dose-response curves and the values obtained for the 
percentage of receptors blocked by POB were only statistically signifi- 
cant in unpaired tissues. However, large variations also occurred in 
some of the data from experiments in which paired preparations were 
Used and other’ Tikely sources: Or Variation, e.2. AChn aculvity and? the 
concentration of POB-ion, had been controlled. Furchgott (1966) 
reported that the variation in experiments using 'irreversible' blocking 
agents was much greater than those employing competitive reversible 
agents, and others have also commented on the wide variation associated 
with this type of agent (Furchgott, 1954; Bickerton, 1963; Abramson, 
Barlow, Mustafa & Stephenson, 1969; Abramson, Barlow, Franks §& Pearson, 
1974). Nevertheless, Parker (1972) reviewed various pharmacological 
methods of studying binding of drugs to receptors and suggested that 
true estimates of a molecular reaction were probably being made if 
independent methods produced the same results. Thus, the consistency 
among the various methods of calculation used in these investigations 
suggests that real changes were detected despite the large variation in 
data. Also, the lack of erfrect on the response to KCI supports the 
idea that change occurred at the peceptor level rather than through a 
non-specific depression of muscle contractility. 

The magnitude of the shift in the dose-response curve to an agonist 
is dependent on the fraction of occluded receptors (Furchgott, 1966; 


Parker § Waud, 1971). No treatment used in these experiments, except 
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DMPP, produced changes in either parameter. The agreement between the 
results of these measurements would support the concept of 'spare 
receptors! for muscarinic agents in the guinea pig ileum. Alternatively, 
these results can also be interpreted in terms of an allosteric model. 
In these terms the data suggests that all of the ganglionic blocking 
agents tested, with the possible exception of DMPP, bind to a site 
different from that of POB. The shift of the dose-response curve 
produced by POB was markedly reduced in the presence of DMPP and thus 
suggests that DMPP and POB may compete for the same site. The actions 
of DMPP will be discussed in more detail later. 

All four methods used to calculate the values of Ky for carbachol 
detected similar increases in Kp when Cg was added to the bathing 
solution. These results are surprising in view of the comments made 
by Barlow (1975) who suggested that results obtained with the method 
described by Parker § Waud (1971) were less accurate than calculations 
done on the assumption that response is linearly related to log dose. 
However, Barlow (1975) tested only four concentrations of drug 
(concentrations to produce: < 25%, approximately 25% and 75%, and 
> 75% bats) and this data would not have been sufficient to accurately 
define the dose-response curve by the method of Parker & Waud (1971). 
Several factors could have produced the observed increase in the Kp 
Sta cappachol ..sven as: 

‘ae interanimal variation, 
ae a change in the levels of endogenous spasmogens or spasmolytics, or 


on a change in the affinity of the receptor to carbachol. 
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It is unlikely that interanimal variation could account for the 
increase in Ky as paired preparations were used. 

An apparent increase in sensitivity might produce such results. 
Such a change in sensitivity might be caused by the inhibition of the 
effects of endogenous catecholamine release which normally has a 
relaxant effect on the ileum. This inhibition could arise from nico- 
tinic blockade by Cg or by POB-blockade of adrenergic receptors. 
However, in these investigations, no differences in sensitivity to 
carbachol between test and control tissues were noted before or after 
blockade with POB. Therefore, it also seems unlikely that sensitivity 
changes could account for the observed increase in Kye 

In these experiments, the binding of carbachol is changed in the 
presence of Cg as evidenced by the increased Kj. It is unclear whether 
the change is due to a direct effect on the muscarinic receptor or an 
indirect effect adjacent to the receptor. However, a direct action on 
the receptor seems unlikely as Ce did not appear to alter the sensi- 
tivity of the tissues to carbachol or to influence the percent of 
receptors blocked by POB. An indirect effect can be explained in terms 
of a model in which the receptor can exist in more than one conformation 
and in which the various conformations have different affinities for 
ligands (see Figure 32). It seems possible that Cg may cause more 
receptors to exist in a high affinity conformation. This could be 
accomplished by an indirect effect facilitating the conversion of 
the normal or desensitized conformers to the high affinity state and/or 
inhibiting the change of receptors in the high affinity conformation to 
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It is noteworthy that such a model also provides a mechanism for 
the increases in Ky of some compounds in the presence of Cg reported, 
but not explained, by Barlow, Franks & Pearson (1972). Other investi- 


gators have reported the ability of Cg to increase the Vnax Cf acetyl- 


ax 
choline hydrolysis by AChE, and have suggested that this effect most 
likely occurs by an allosteric mechanism (Kensler & Elsner, 1951; 
Belleaisebiludiiors Tsaisul97 OspRoutogalisus Wiekson.j1975). 

bnyethese Unvestigatlonsyethe inevedsenine np appeavedatoybe 
selective to the agonist, carbachol. This selectivity would suggest 
an indirect action of Ce, as a direct action would presumably affect 
all agonists binding to the receptor. Geddes, Bogart §& Hamilton (1974) 
alsoeobscrvedsthateC,. appeared. Logsoleelivel ywialtersthepetrects..ot some 
antagonists on the responses to carbachol but not on the responses to 
acetyl-B-methylcholine. In addition, others have reported that Cg had 
no effect on the Ky of acetylcholine in guinea pig ileum or frog rectus 
preparations (Sastry § Cheng, 1972). 

This apparent selectivity may be associated with the preferred 
conformations of acetylcholine, acetyl-8B-methylcholine and carbachol 
in solution. Acetylcholine and acetyl-8-methylcholine have been shown 
to have torsion angles (tN-C4-C5-01) between 60° and 120°, whereas 
carbachol is the only known potent muscarinic agonist with a torsion 
angle (tN-C4-C5-01) of approximately 180° (Henderson, 1972). 

Although mecamylamine and trimethaphan appeared to have an effect 
on the Ky for acetylcholine (see Table 16), when calculated as described 
by barker < Waud (1971), it seems reasonable to assume that these 


differences might be due to interanimal variation, as 
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a except for mecamylamine, 4.9 x 107° M, differences in the Ky 

were not confirmed by a second method of determining Kp, and 
2 effects produced by mecamylamine when carbachol was the agonist 

tested (see Tables 12 and 14) were eliminated when paired tissues 

were used (see Tables 13 and 15). 

The Ky of agonists in the presence of DMPP could not be determined 
by the methods used in these investigations, due to the increase in the 
apparent Ryax after POB-blockade. Although the inhibition of the POB- 
induced shift of the dose-response curve can be explained in terms of 
a simple competition between Cg and POB for the same binding site, the 
increase in apparent tenis is not readily explained in terms of occupancy 
or 'spare receptors’. An indirect action, similar to that proposed for 
Cg, might provide an explanation. Thus, DMPP may facilitate the 
formation of more active receptors or drug-receptors complexes. 

Thus, one can conclude that hexamethonium produces an effect, at 
the muscarinic receptor, which results in a change in the affinity of 
the receptor for carbachol, but not for acetylcholine or acetyl-8- 
methylcholine. A similar change was not detected with the other 
ganglionic blocking agents tested, with the possible exception of DMPP. 
Although affinities between agonists and the muscarinic receptor could 
not be determined by the techniques used in these experiments when DMPP 
was present, the data suggests that DMPP may also produce indirect 


effects at the muscarinic receptor. 
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APPENDIX 4 


ie DRUGS 


Acetylcholine chloride, Fluka 

Choline chloride carbamate (carbachol), Fluka 
Hexamethonium chloride, Fluka 

Acetyl-8-methylcholine chloride, Fluka 

Phenoxybenzamine hydrochloride, Smith, Kline and French 
Mecamylamine hydrochloride, Merck, Sharp and Dohme 
Nicotine dihydrochloride, Baker 
1,1-Dimethyl-4-phenylpiperazinium iodide (DMPP), Fluka 


Trimethaphan camphorsulfonate injection, Roche 


B: CHEMICALS 


Galcium chioride, Fisher ACS 

Dextrose, Fisher ACS 

Magnesium sulfate, Fisher ACS 

Potassium chloride, Baker AR 

Potassium phosphate monobasic, Fisher ACS 
Sodium bicarbonate, Baker AR 

Sodium carbonate, Fisher ACS 


Sodium chloride, Fisher ACS 
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APPENDIX 5 


Program to Calculate Ky by Method of Parker & Waud (1971) - 
C: FOCAL=1!11,L FOCA-A 


le Ot 


E 
foto Es ee 

1618 A !!!"DRUG-=RECEPTOR DISSOCIATION CONSTAVT EVALUATIOV''!! 
1615 A !"CONTROL CURVE DATA - NUMBER OF POINTS "'RN,! 

1. OOF IS 1SRNe A: f° Al, RAG) ow | Es “fs RyY CL) 

1.22 A !!"*INITIAL ESTIMATE OF K “", RK 

16-23 A !"INITIAL ESTIMATE OF P ‘, RP 

1.25 A !!"TEST CURVE DATA - NUMBER OF POINTS "BNNs! 

1.36 F Is1,BN3A !"A* “,RBCI),” E* ", BYCY) 

1635 A !!*REQUIRED PERCEVTAGE ITERATIVE PRECISION "s R25 "21! 
TeiSeeo) COs Deo Dat 

1-58 T !!™FINAL K VALUE ", R¢ 

1.689 T !"FINAL M VALUE ", RM 

1678 T !!"DISSOCIATION CONSTANT USING IRREVERSIBLE " 

le 71 T “ANTAGONIST “, RX-RM 

1-75 T !t"*PERCENT OCCLUSION OF RECEPTORS BY IRREVERSIBLE " 
1¢76 T "ANTAGONIST “24-02, 100*C1-RM/R{)5" 2B" 

1-88 T !!"DISSOCIATION CONSTANT FOR PARTIAL AGONIST"'%, RK 
Vee Ge tiers .G 

5-18 T !!"PAIRED DOSE VALUES"!!" CONTROL TEST"! 
5.15 S R1=03S R2=03S R3=83S R4283S R62=G 

5.209 F RI=1,BV3D 6 

5.25 S BS=(R6*R3-R1*R2)/(RE*XR4-RIt 2) 

5.30 S BI2(R2*R4A-R23*R1)/(RE*R4-RIt 2) 

5.35 S RX=BS/BI 

5.40 T t'*INITIAL ESTIMATE OF PARAMETER K "', RK! 

6618 S RS=BYCRI)/CRM-BY(RI))3S RS=FSBRC15s R5)/RP 

6-15 S RACRI)=RX* FSBR( 14, R5) 

6.20 T Z%RACRIDs”" “', RBCRI)D»2 ! 

6-25 S RR=RACRID*4 . 

66.38 S R1I#R1I+RR/RBCRI)D$ S R2=R2+RR/RACRI) 

6.48 S$ R32R3+RR/CRBCRI)D*RACRI))3S R4&42R4+RR/RBCRI)*# 2 

6-58 S R6=R6+RR 

7-01 T !"HYPERBOLIC PARAMETERS"! ! 

7-05 F RJ=0,12F RW28, 23S AACRJ» RW)2G 

72-18 F RI=1,BN3D 8 

7.28 S AN2=13D 263S RM=AX(8)3S RL=RX+AX(1)/RM 

7.48 1 (€180*FABS(C (RL-RX)/RK)-RZ) 7-6 

7-45 T "K ", RLS M '*, RM, ! 

7258 S RK2RL3G 7.05 

7-68 S RX2RLIR 

8.18 S RX(@)=RBCRI)D/CRBCRI)+RX) 

8.20 S 8X(1)2-RBCRI)/CRBCRI)+RX)° 2 

8.30 F RJ=20,13S AACRJ, 2)=AACRJs 2)+RX(RJ)*RACRIDSD 9 

8.48 R 
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9-18 
9-28 


14-18 
14. 26 
15-12 
15-26 
20-8! 
28- 82 
2e.- @3 
28-84 
20+ 86 
28-12 
280-15 
2G- 28 
28-38 
28-35 
26-48 
21-81 
2t- 84 
21-85 
21- 86 
21-18 
21-29 
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RW28,13S AACRJ, RW) =AAC RJ, RW) +RX( RJ) * RX CRW) 


C&P Q-e GIV14-25S &=G/23D 1453S &= ht 25R 
&2 1+ &t &t 2/ 2+ &t 3/ 6+ &t A/ 24% at S/ 129+ kt 6/729 


C&P 2-2. BAe S+1)15-23S &2FSQATC&ISD 1553S &2 Qe as R 
G2 Ck 1S CaS S S22 (S+ St 3/34 At S/S+ dt 7/7) 


!°CONTROL CURVE PARAMETERS"! ! 

RJ2@0, 23 F RW=8, 33S AACRJs RW)28 

R5=RP* FSBRC 15s RK)3S RS2FSBRC14, RS) 
R62(RP-1)*FSBRC1S, RX)3S R6=FSBRC 14, R6) 
RIZI,RNsD 2! 

AN=23D 263S RM2AX(9)3S RL=RX+AXC1)/ RMS S RQ=RP+AX( 2) /RM 
OS wa Hc ont Gear co aa **» RM» ! 

(10@* FABSC (CRQ-RP)/RP)-RZ) 2G- 3s 2B- 355 2G- 35 

€ 106" FABS(C (RL =RK)/ RA) = RZ) 2Ge As 2Ge 35s 28 35 

RP2RQ;S RK2RLSG 20. 82 

RK2RL3S RP#ROQSR 


R4=RP* FSBRC 15, RACRII)3 S R42 FSBRC 14, R4) 

RX (0)2R4/(R4+R5S) 

RX €1)=-RP*« R4e R6/(€R4+R5)t 2 

RX (€2)2R4*RS5S* FSBRC1S, RACRID/ RK) /CR4+R5) 82 
RJ28,23S AACR, 3)=AACRJs 3)+RX(RJ)*RYCRIDSD 22 


RWV20, 23S AACRJ» RW) =AACRJ, RW) + RX(RJ)*RXCRW) 


AK= 85 AN3 S ARC AK) =AK+ 1 

At=-1;5S AL=AV+1 

AM=@ 

AJ2@, AN3 F AK2@,AN3 D 27 

ARCAP) 29 
AK=2@, AL3S AACAPs AX) =AACAPs AK) / AM 
AJ=@0,AN?3D 28 

AI2AT+1I3 1 CAI-AN) 266 155 266 275 262 15 
AJS28,AN3 F AK2@, AN;D 29 


CARCAJ)) Os 27¢ 35 27215 
€CFABS( AAC AJ» AK) )-FABS(CAM)) 27-3 
AM2AACAJ, AK)3 S AP2AJ3S AQ AX 


€CAJ- AP) 28-6 2» 286 4; 28-6 2 
AE=AACASs AQ) 
AX2=@, AL3S AACAJs AK) =AACASs AK) -AACAPs AK) *# AE 


(1E=6-FABSCAACAS» AX) )) 296 2R 
AX CAK)=AAC AJ» ALDER 
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